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ABSTRACT

HILIC-MS/MS METHOD DEVELOPMENT FOR THE ANALYSIS OF SELECT
PARALYTIC SHELLFISH TOXINS IN SHELLFISH HARVESTED FROM NEW
HAMPSHIRE COASTAL WATERS
by
Jessica S. Henry
University of New Hampshire, December 2017

A hydrophilic interaction liquid chromatography-tandem mass spectrometry
(HILIC-MS/MS) method was developed for the analysis of select paralytic shellfish
poisoning (PSP) toxins: decarbamoylsaxitoxin (dcSTX), neosaxitoxin (NEO), and
saxitoxin (STX). The method employs a bare silica core-shell stationary phase and
isocratic elution conditions to achieve chromatographic separation of the selected
toxins. The HILIC-MS/MS method was applied to the analysis of sixteen mussel
samples harvested from the New Hampshire coastline during the 2016 harvest season.
Of these selected mussel samples analyzed, STX was detected in all of the samples;
NEO was detected in two samples; and dcSTX was not detected in any sample. The
calculated toxicity of the mussel samples ranged from 30-80 μg STX equivalents per
100 g shellfish meat. The method was developed and evaluated using three different
mass spectrometers available at the New Hampshire Public Health Laboratories: a

xxiii
Waters Quattro Micro triple quadrupole mass spectrometer, a Thermo Scientific LTQ
linear ion trap mass spectrometer, and a Thermo Scientific LTQ Velos Pro linear ion
trap mass spectrometer. The performance of these three instruments for PSP toxin
analysis using the developed method was evaluated. Additional work will be required to
extend the application of the method to other PSP toxins present in mussel samples.
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CHAPTER 1

INTRODUCTION

1.1. Harmful Algal Blooms and Paralytic Shellfish Poisoning (PSP)
Algal blooms occur when there is an accumulation of phytoplankton (algae) in a
body of water and are a common occurrence in both marine and freshwater
environments. An algal bloom is considered harmful when the phytoplankton involved in
the bloom produce toxins, high biomass or mucilage.6 These harmful algal blooms
(HAB) are often called “red tides” because the algal bloom can appear red in color.
HABs can have a global impact on public health6, environmental health7-11, and coastal
economies12. In 2005, a large bloom of Alexandrium fundyense off the coast of New
England caused an estimated economic loss of $2.4 million in Maine and $18 million in
Massachusetts.13
Several potent toxins are produced by a HAB. These produced toxins are
associated with different illnesses.6 One group of toxins causes paralytic shellfish
poisoning (PSP). PSP results when humans consume shellfish contaminated with
saxitoxin (STX) and its analogs. PSP toxins, collectively known as saxitoxins, are
produced by several different species of algae depending on geographic location. 14
There are more than fifty analogs of STX.15-16 Alexandrium fundyense and Alexandrium
tamarense are the species responsible for the production of saxitoxins along the
northeastern coast of the United States.17-18

2
The PSP toxins block the flow of sodium ions through sodium channels found in
nerves and muscle fibers, preventing neurons from conducting, resulting in
paralysis.14, 19-21 The toxins, produced during the HAB, are present in the surrounding
water and accumulate in the shellfish during the filter feeding process. Once the
shellfish are harvested, humans are exposed to the toxins by ingesting the
contaminated meat. Onset of symptoms is rapid and includes: numbness of the face
and extremities, loss of motor control and respiratory failure. Symptoms may occur after
ingestion of 0.72 mg of the toxins. Severe cases of PSP have been reported to involve
the ingestion of 0.9-3.6 mg of the toxins.22 There is no antidote for PSP. Treatment for
PSP includes supportive measures such as artificial respiration and fluid therapy. 15
Ingestion of high levels of saxitoxins can be fatal. Ingesting levels of 0.4-10 mg STX
equivalents per person has resulted in death.23-24
Due to the potency of STX, it is considered a select agent by the U.S.
Department of Health and Human Services25 and is listed on Schedule 1 of the
Chemical Weapons Convention.19, 26 The lethal dose that kills half the population of
animals tested (LD50) is 10 μg/kg (intraperitoneal administration in mice).19, 27 For
comparison, the LD50 for sodium cyanide is 4.9-5.9 mg/kg (intraperitoneal administration
in mice).27-28
1.2. PSP Toxins – Saxitoxin and its Analogs
STX and its analogs are polar, water soluble alkaloids.29 The toxins are thermally
stable under acidic conditions.21 The tetrahydropurine structure of STX and its analogs
can be divided into four subgroups: carbamoyl toxins, N-sulfocarbamoyl toxins,
decarbamoyl toxins, and deoxydecarbamoyl toxins. The functional group at the R 4
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position determines the subgroup assignment of the toxin. The subgroups and
structures of the PSP toxins detected in coastal and offshore regions of New England
coastal waters18 are shown in Figure 1.1.

Figure 1.1. The structures of PSP toxins found in New England coastal waters as
reported by Deeds, et. al.18
The PSP toxins vary in toxicity. The toxins in the N-sulfo-carbamoyl subgroup
exhibit lower toxicities in comparison to the other subgroups; however, these toxins are
converted into more toxic analogs under acidic conditions.30 Table 1.1 shows the
toxicities (in mouse units (MU)/μmol)31 and the corresponding toxicity equivalence factor
(TEF). The TEF is a ratio of the toxicity of a STX analog to the toxicity of STX, the
reference compound. Larger toxicity and TEF values indicate the substance is more
toxic.
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Table 1.1. The toxicity and toxicity equivalence factor (TEF) associated with specific
PSP toxins found in New England coastal waters as reported in the Supplemental
Information for PSP Toxin CRMs , provided by the National Research Council
Canada.31
Toxin
Toxicity (MU/μmol)
TEF
STX
2483
1.0000
NEO
2295
0.9243
GTX-1
2468
0.9940
GTX-2
892
0.3592
GTX-3
1584
0.6379
GTX-4
1803
0.7261
GTX-5 (B1)
160
0.0644
C1
15
0.0060
C2
239
0.0963
dcSTX
1274
0.5131
dcNEO
Not reported
Not reported
dcGTX-2
382
0.1538
dcGTX-3
935
0.3766

One often confusing aspect of PSP toxin analysis is the multiple units of
measurement which are used during analysis. The MU unit is discussed in more detail
in subsequent sections of this chapter (1.4.1). The TEF is used to translate collected
analytical data into toxicity levels, which is essential for risk assessment and
managment.16, 32-33 Analytical based methods such as liquid chromatography determine
individual toxin concentrations (μM or μg/mL), which can then be converted into units of
total toxicity (μg STXdiHCl equivalents/100 g shellfish meat) using the TEF for each
toxin. The National Research Council Canada (NRC) reports the concentrations of
certified reference standards (PSP toxin solutions in dilute HCl) in units of molarity
(μM).31 The U.S. Food and Drug Administration produces a STX dihydrochloride
solution standard reference material in units of parts per million (ppm, μg/g).34 PSP
toxins exist as salts in solution (i.e. dihydrochloride salt or diacetate salt); therefore,
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reported toxicity units should include the salt form (e.g. μg STXdiHCl equivalents/100 g
shellfish meat).31
TEF values are determined based on the potency of a toxin. The potency is
related to the LD50. The LD50 is traditionally calculated using data acquired from
intraperitoneal injections in mice (bioassay);16, 33 however, it is affected by the strain of
mice used for the bioassay31 and the route of administration.16 Variations in TEF values
are attributed to differences in the experimental determination of the potency of a toxin.
While there are reports of different TEF values for each PSP toxin reported in the
literature,16, 33, 35-36 the presented work will utilize TEF values (Table 1.1) reported by the
NRC because these values are most commonly used for determining PSP toxicity.31
1.3. Regulation of PSP Toxins in Shellfish
Due to the severity of PSP, regulatory agencies around the globe have
established monitoring programs to ensure the level of PSP toxins in harvested shellfish
meat is below an internationally accepted regulatory limit of 80 µg STX equivalents per
100 g shellfish meat.37
The New Hampshire Public Health Laboratories (NHPHL) is responsible for
testing harvested shellfish (mussels) annually from April thru October. Mussels are
harvested from two locations: Isles of Shoals and Hampton Harbor. The total PSP
toxins in the mussel meat are quantified using the mouse bioassay (MBA), an
Association of Official Analytical Chemists (AOAC) validated method.38
1.4. Methods of Analyzing PSP Toxins
1.4.1. Mouse Bioassay (MBA)
One widely accepted method of quantitation of PSP toxins in shellfish is the
mouse bioassay (MBA).23 The MBA was originally developed by Sommer and Meyer in
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1937 and was accepted by the Association of Official Analytical Chemists (AOAC) in
1959.37, 39-40 The method requires boiling a mixture of 100 grams of homogenized
shellfish tissue with 100 g of 0.18 M hydrochloric acid to extract the toxins. After boiling
the mixture for five minutes, the final mass is readjusted with dilute hydrochloric acid
(pH 3) and the mixture is centrifuged to remove solids, leaving the PSP toxin extract.
The extract is injected intraperitoneally (1 mL) into a female, white mouse (strain CD-1)
weighing 19-21 g, and the mouse is observed until death. The time measured until
death is correlated with the toxin concentration of the extract. 38, 41
The quantitation of the toxins in the injected extract solution is based on the
Mouse Unit (MU). One MU is defined as the amount of toxin (mL) that kills a 20 g
mouse within 10 to 20 minutes.37, 39 This unit was established because the toxicities and
properties of the PSP toxins were initially unknown; therefore, it was decided to define
the toxicity in terms of the MU.37 Historically, the concentration of toxins in a sample of
shellfish was reported as “MU per 100 g of shellfish.” For example, if a 19-21 g mouse
dies in 15 minutes after a 1 mL injection of extract (1 MU/mL), then the original shellfish
extract (200 mL) contained 200 MU per 100 g shellfish meat. This unit of measurement
was later modified to “μg STX equivalents per 100 g of shellfish” after the development
of a purified STX standard was prepared by the Food and Drug Administration in the
1950s.37 It was experimentally determined that one MU was equivalent to 0.2 μg of the
purified standard. Considering this conversion factor (0.2 μg = 1 MU) and the extraction
method, the detection limit (LOD) of the method was established to be 40 μg STX
equivalents per 100 g of shellfish (0.4 ppm).37 The LOD is the lowest amount of toxin
that can be detected in a sample of shellfish.
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From a public health standpoint, the MBA has helped to effectively manage PSP
toxin outbreaks42; however, its use presents both ethical and analytical challenges. 23, 35,
43

Ethically, it is the desire of regulatory bodies to use analytical instrumentation instead

of an animal-based test to monitor the levels of PSP toxins. The European Parliament
released a directive (2010/63/EU)43 aimed at the replacement, reduction and refinement
of animals in scientific research. Analytically, the MBA lacks specificity, has limited
sensitivity and suffers from high inter-laboratory variability.44 The MBA determines total
PSP toxicity of a sample, but does not identify or quantitate the individual PSP toxins
present. Furthermore, the salt content of the sample interferes with the bioassay
reportedly resulting in the underestimation of the toxin content of the sample by up to
60%.45-46
1.4.2. Instrumental and Other Alternative Methods for PSP Analysis
In addition to the MBA, three additional methods for PSP regulatory purposes
have been validated by the AOAC: a liquid chromatographic-fluorescence detection
method employing pre-column oxidation47, a liquid chromatographic-fluorescence
detection method employing post-column oxidation48 and a receptor binding assay
method49. Several methods of analysis have been shown to be potentially viable
alternative techniques for the analysis of PSP toxins including methods utilizing capillary
electrophoresis 50-52, liquid chromatography-mass spectrometry (LC-MS)36, 53-56, surface
plasmon resonance57-58, and several commercially available immunosorbent assays59,
such as enzyme linked immunosorbent and lateral flow immunosorbent assays.
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1.4.2.1. Pre- and Post-Column Liquid Chromatographic-Fluorescence Detection
Methods
The PSP toxins do not naturally absorb UV light strongly or produce
fluorescence, which are the basis for common detection methods used with liquid
chromatography. UV detection methods lack sensitivity and do not provide the low limits
of detection required.51 In order to achieve analyte fluorescence, oxidation of the toxins
is performed to produce fluorescent derivatives that can be analyzed via fluorescence
detection. Because individual PSP toxins vary in toxicity and fluorescence response,
total PSP toxicity must be calculated using the individual toxin concentration measured
and the absolute toxicity of each individual toxin. Oxidation of the toxins can be
performed either prior to the separation of the analytes (pre-column) or after the
separation of the analytes (post-column).60 Both pre-column and post-column liquid
chromatography-fluorescence detection (LC-FD) methods are accepted by the AOAC
and are used to quantitate individual PSP toxins. The pre-column oxidation method is
used for official monitoring programs in the United Kingdom and has been evaluated for
a variety of shellfish matricies.61 The post-column oxidation method is used for official
monitoring purposes in Canada.62
Briefly, the pre-column oxidation method (AOAC Method 2005.06) uses a 1%
aqueous acetic acid solution (v/v) to extract the PSP toxins from the shellfish (mussels,
clams, oysters, or scallops) tissue. This method is applicable for the analysis of STX,
NEO, GTX-2,3, GTX-1,4, dcSTX, B-1, and C-1 to C-4. The extract employs a solid
phase extraction (SPE, reversed phase, C18 cartridge) clean-up procedure. The clean
extract is oxidized using a periodate solution prior to separation using reversed phase
liquid chromatography with fluorescence detection (RPLC-FD). The RPLC method
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employs a C18 column (15 x 4.6 mm, 5 μm) and the following two mobile phases for
gradient elution: A) 0.1 M ammonium formation and B) 0.1 M ammonium formate in 5%
acetonitrile. If PSP toxins are found to be present in the clean extract, additional sample
treatment and analysis may be needed based on the toxins which are present. It is
possible to quantitate the non-hydroxylated toxins (STX, dcSTX, GTX-2,3, B-1, and C1,2) using this method; however, the N-hydroxylated toxins (NEO, GTX-1,4, and C-3,4)
require additional sample treatment. To quantitate the N-hydroxylated toxins, an
additional aliquot of the original extract is subjected to SPE with an ion exchange
cartridge (carboxcylic acid, COOH) followed by oxidation with hydrogen peroxide. The
resulting solution is analyzed via RPLC-FD using the chromatographic conditions
employed for the first extract. While this additional step enables the complete separation
and quantitation of the N-hydroxylated toxins, it also improves the sensitivity of
fluorescence detection for some PSP toxins (dcSTX, B-1, and C-1,2).47
The post-column oxidation method (AOAC Method 2011.02) is suitable for
determining the concentrations of STX, NEO, GTX-1 to GTX-5, dcGTX-2 and -3, dcSTX, and C-1,2 in mussels, softshell clams, scallops and oysters.48 The shellfish meat
is homogenized and extracted using dilute hydrochloric acid (0.1 M), heated in a boiling
water bath for five minutes and centrifuged. An aliquot of the supernatant is removed
and deproteinated using trichloroacetic acid followed by syringe filtering (0.2 μm nylon
syringe filter) into an LC autosampler vial. The deproteinated, filtered extract is
chromatographed using two different LC methods. Gradient elution is performed with a
reversed phase column (C18) to analyze dcSTX, NEO, STX, dcGTX-2,3 and GTX-1 to
GTX-5. Two mobile phases are used: A) 11 mM heptane sulfonate and 5.5 mM
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phosphoric acid in water; B) 11 mM heptane sulfonate, 16.5 mM phosphoric acid and
11.5% acetonitrile in water. An isocratic elution method is employed on a reversed
phase column (C8) to analyze the C-1,2 toxins. The two mobile phases employed for
this separation are: A) 2 mM tetrabutyl ammonium phosphate in water and B) 96:4
acetonitrile:aqueous 2 mM tetrabutyl ammonium phosphate (v/v). Post-column oxidation
is performed on the eluent at 85 °C using phosphoric acid and periodic acid. The
oxidized toxins are acidified with nitric acid prior to being detected by fluorescence. 48
While both RPLC-FD methods are AOAC validated and used by regulatory
programs around the world, demonstrating the high sensitivity and reliability of these
methods, each method has distinct advantages and disadvantages. The pre-column
oxidation method uses a single chromatographic method to quantitate the toxins;
however, data interpretation is complex and some of the toxins are not fully resolved
(i.e. GTX-1,4, GTX-2,3 C-1,2 and C-3,4). The post-column oxidation method employs
two different chromatographic methods to analyze the PSP toxins; however, it does fully
resolve all of the PSP toxins, including the epimeric pairs that the pre-column oxidation
method fails to completely separate. Additionally, data analysis is less complex and
does not require a highly skilled operator.
In comparison to the MBA, the methods have good correlation and higher
sensitivity relative to the current regulatory limit (80 µg STX equivalents per 100 g
shellfish meat); however, the European Food Safety Authority (EFSA) has expressed
interest in decreasing the regulatory limit to 7.5 μg STX equivalents per 100 g shellfish
meat.35 A decrease in the regulatory limit would challenge both RPLC-FD methods
because toxin levels would approach the limits of detection (LOD) for each method. 63
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Table 1.2 compares the LODs reached when using the pre-column oxidation and the
post-column oxidation methods.63
Table 1.2. A summary of LOD values reported for pre-column oxidation and postcolumn oxidation methods for select PSP toxins.63
Pre-column Oxidation LOD
Post-column Oxidation LOD
Toxin
(μg STX equivalent per 100 g
(μg STX equivalent per 100 g
shellfish meat)
shellfish meat)
dcSTX
0.4
0.77
NEO
4
2.4
STX
2.2
1.3
GTX-1,4
5
2.4 (GTX-1), 1.6 (GTX-4)
GTX-2,3
8
2.2 (GTX-2), 0.12 (GTX-3)
GTX-5
0.2
0.32
C-1,2
1
0.02 (C-1), 0.08 (C-2)

1.4.2.2. Receptor Binding Assay
The receptor binding assay (RBA) is an official AOAC method (2011.27) and,
similar to the MBA, is applicable for determining the total PSP toxicity of a sample of
shellfish. The RBA is a competitive binding assay in which radioisotope labeled STX
([3H]STX) competes with the unlabeled STX present in standard solutions or the
unlabeled PSP toxins in sample solutions. The labeled and unlabeled STX molecules
compete for a known number of sodium channels available on a rat brain membrane.
The RBA is applicable to samples of mussels, clams, or scallops. Briefly, shellfish
homogenate is extracted following a similar extraction procedure used for the MBA
(modified by scale of extraction).49, 64 The competitive binding assay is conducted on a
96 well plate by adding 35 μL of a 3-morpholicopropanesulfonic acid (MOPS; 100
mM)/choline chloride (100 mM) solution, 35 μL of standard solution or sample extract,
35 μL [3H]STX, and 105 μL rat brain membrane to each well. The plate is incubated at 4
°C for one hour to reach binding equilibrium. Following equilibration, the unbound
labeled STX is removed via vacuum filtration and the bound labeled STX is quantified
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by liquid scintillation counting. The reported LOD and limit of quantitation (LOQ) are 4.5
μg STX diHCl equivalents per 100 g shellfish meat and and 12.6 μg STX diHCl
equivalents/100 g shellfish, respectively.49 One disadvantage of implementing this
method in routine monitoring of shellfish samples is the use of [3H]STX in the analysis.42
Furthermore, the preparation of the rat brain membrane used in the assay is labor
intensive; and the membrane is heterogeneous, which introduces high variability in the
assay.65
1.4.2.3. Additional Analytical Methods Evaluated for PSP Toxin Analysis
Capillary electrophoresis, employing a variety of detection methods50-52, surface
plasmon resonance (SPR)57-58, 66-70, several commercially available immunosorbent
assays58-59, including enzyme linked immunosorbent and lateral flow immunosorbent
assays, and liquid chromatography-mass spectrometry (LC-MS)36, 53-56 methods have
been evaluated for PSP toxin analysis.
Capillary electrophoresis (CE) separates the components of a mixture when an
electrical field is applied to a capillary. The components are primarily separated by
differences in electrical charge, but size of the component and pH can be exploited to
provide additional mechanisms of separation.71 CE is able to separate electrically
charged, structurally similar analytes such as the PSP toxins.50-51 Detection methods
employed with CE for PSP toxin analysis include an amperometric detector50, a
capacitively coupled contactless conductivity detector (C4D)51, fluorescence51, mass
spectrometry (MS)72, and UV52. The limits of detection of CE based methods are
dependent on the type of detection used and sample matrix. 50-51 CE-MS is well suited
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for PSP toxin analysis; however, the toxins are difficult to separate in a single analytical
run and interference occurs from salts present in the sample matrix. 56, 72
SPR is an optical method that monitors changes in refractive indices to monitor
biomolecular reactions.58, 68, 73 SPR based assays provide a rapid method of screening
for PSP analytes with minimal sample preparation required. The reported limit of
detection (LOD) is 12 μg STX-diHCl equivalents per 100 g shellfish meat.68-69 Although
SPR based methods demonstrate better sensitivity than the mouse bioassay, the
methods lack the ability to confirm the specific toxins present in a sample. 69 Coupling
SPR to a mass spectrometer is one method to improve the specificity of the technique
for PSP toxin analysis.58 Marchesini et al.70 developed an SPR/nano-hydrophilic
interaction liquid chromatography-time of flight mass spectrometer system (SPR/nanoHILIC-TOF-MS) to analyze shellfish samples. Extracted shellfish samples are screened
for PSP toxins by SPR using an inhibition biosensor immunoassay (iBIA). If PSP toxins
are detected via SPR, the samples are injected onto a reusable recovery chip and the
eluent is collected in a LC vial. The recovery chip captures the analyte from the sample
matrix. The eluent collected from the recovery chip is injected into the nano-HILIC-TOFMS for analysis. The developed method detected PSP toxins below the regulatory limits
in both mussel and cockle samples; however, the chromatographic method lacked
robustness.70
Rapid screening methods are of interest for PSP toxin analysis. Rapid screening
methods include lateral flow immunosorbent assays, enzyme-linked immunosorbent
assays (ELISA) and cell bioassays. The methods are high throughput, but are limited by
quantitative uncertainties.74-75 Lateral flow immunosorbent assays are not fully
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quantitative75 and have a high probability of providing inaccurate results74. ELISA
methods are manual labor intensive and show limited antibody cross-reactivity.74, 76-77
Cross-reactivity is the ability of the antibody to bind to a molecule that is structurally
similar to the target analyte molecule. For example, the commercially available Abraxis
Saxitoxin (STX) ELISA Microtiter Plate (Warminster, PA) has a cross-reactivity for STX
of 100%, whereas the cross-reactivity for dcSTX and NEO is 29% and 1.3%,
respectively.77 The cell bioassay methods lack specificity74 and are challenged by
interference from matrix effects78.
Liquid chromatography-mass spectrometry (LC-MS) is a powerful analytical
technique for PSP toxin analysis. The liquid chromatograph (LC) separates the
components of a complex mixture. The mass spectrometer (MS) detects the mass to
charge ratio (m/z) of each component after analytes in the liquid eluent from the LC are
ionized. Reversed phase liquid chromatography methods require the use of ion-pairing
reagents (e.g. heptane sulfonate and tetrabutyl ammonium phosphate) to achieve
sufficient retention of the PSP toxins on reversed-phase stationary phases.47, 79 These
reagents result in ion suppression, which decrease the sensitivity of MS detection. To
avoid the use of ion-pairing reagents, Jaime et al.80 demonstrated the use of ion
exchange LC with both fluorescence and MS detection. The method employed an
anion-exchange stationary phase and a cation-exchange stationary phase in series with
an aqueous ammonium acetate mobile phase. The eluate from the ion exchange
columns was transferred into both an electrochemical cell for post-column oxidation
followed by a fluorescence detector and a mass spectrometer. The method
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demonstrated the application of LC-MS for determining the PSP toxins present in
extracted shellfish tissue.
An alternative mode of liquid chromatography is called hydrophilic interaction
liquid chromatography (HILIC), which does not require the use of ion pairing reagents.
HILIC is discussed in detail in section 1.5.1. Dell’Aversano et al.56 (2005) first developed
and reported the use of HILIC coupled with tandem mass spectrometry (MS/MS) for
PSP toxin analysis. The method employed a Tosoh Bioscience TSK-gel Amide-80
analytical column (250 x 2 mm, 5 μm; Montgomeryville, PA) and gradient elution to
selectively detect the PSP toxins in a single 30 minute run, demonstrating the technique
is adequate for PSP toxin analysis. Three mass spectrometers (MS) from PE-SCIEX
(Concorde, Ontario, Canada) were assessed: an API 165 single quadrupole MS, an
API-III+ triple quadrupole MS, and an API-4000 triple quadrupole MS. Detection limits
for the API-4000 triple quadrupole MS ranged as low as 5-30 nM for the analyzed
toxins, which compared well with the post-column oxidation method detection limits (5100 nM).56 Detection limits for the API-165 single quadrupole MS and the API-III+ triple
quadrupole ranged from 50-1000 nM and 50-7000 nM, respectively. Differences in
detection limits were attributed to differences in the data acquisition modes of each MS
instrument. Furthermore, matrix effects caused shifts in retention times in shellfish
sample extracts compared to standard solutions; and the toxins were not all
chromatographically resolved. The unresolved toxins included co-elution of STX with
NEO, dcSTX with dcNEO, B1 with B2, C-1-4 and GTX-1-4 with the associated
decarbamoyl derivatives.56
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HILIC-MS/MS methods have continued to be assessed for use as a method for
routine monitoring of PSP toxins. Different matrices have been investigated including
algae55, 81-82, water, and different types of shellfish (i.e. mussels, clam, oyster and
scallop)36, 53, 83-84. Various chromatographic conditions have been explored and modified
sample treatment methods have been considered for the analysis of PSP toxins in
shellfish samples.
Diener et al.55 evaluated the use of a zwitterionic HILIC stationary phase using
gradient elution and a PE SCIEX API 365 triple quadrupole MS (Halifax, Canada). The
developed method chromatographically resolved the PSP toxins (GTX-1-4, dcSTX-2,3,
C-1,2, NEO, STX and dcSTX) in extracted mussel samples and algae samples.
Previous research at the New Hampshire Public Health Laboratories (NHPHL: Concord,
NH)85 adapted the method developed by Diener et al. for routine analysis of PSP toxins
in mussel samples from New Hampshire coastal waters. The adapted method employed
a Waters Micromass ZQ single quadrupole mass spectrometer (Milford, MA). In addition
to the sample extraction procedure, a sample clean-up procedure using Millipore
Amicon Ultra 3K Centrifugal Filtration Device (Billerica, MA) removed larger matrix
components. Toxin profiles were determined in the mussel samples. STX and NEO
were the primary PSP toxins present in the sampled shellfish. The reported limits of
detection for the evaluated toxins are shown in Table 1.3.
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Table 1.3. Limits of detection for seven PSP toxins analyzed using an adapted HILICMS method.85
Toxin
Limit of Detection in Mussel Samples
(μg STX diHCl equivalents per 100 g shellfish meat)
STX
6.4
NEO
6.3
dcSTX
9.2
GTX-1
210
GTX-2
65.5
GTX-3
77
GTX-4
802

GTX-1, GTX-2 and GTX-3 were detected (in addition to NEO and STX) in only one
mussel sample; however, due to high limits of detection, it is possible these toxins were
present in other mussel samples below the detection limit. The use of MS/MS upon
availability in the laboratory was recommended to improve the sensitivity of the adapted
method.
Turrell et al.53 investigated the use of solid phase extraction (SPE) methods to
further enhance HILIC-MS/MS analysis of PSP toxins. Multiple SPE cartridges were
evaluated for the extraction of PSP toxins from shellfish samples, including:
computationally designed polymers (CDPs), Nest Group PolyLC (Southborough, MA),
and Sequant ZIC-HILIC (Billerica, MA). CDPs are synthetic materials with binding sites
that bind specific analytes. Multiple monomers were selected based on theoretical
computer designs and the strength of interaction with the analyte. The monomers are
polymerized to produce an adsorbent synthetic material that has selectivity and a high
binding capacity for the analyte. The monomers considered for their work included:
ethylene glycol methacrylate phosphate (EGMP), 2-acrylamido-2-methylpropanesulfonic acid (AMPSA), itaconic acid (IA) and 2-(trifluoromethyl)acrylic acid
(TFMAA). TFMAA based polymers produced the best quantitative results during
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preliminary assessments of the CDP-based SPE cartridge. The commercially available
SPE cartridges (Nest Group PolyLC and Sequant ZIC-HILIC) were compared. The
Sequant ZIC-HILIC cartridges offered improved retention of the PSP toxins on the
adsorbent of the cartridge; this improved the recovery of the toxins after extraction.
Furthermore, the ZIC-HILIC cartridge showed less interference compared to the TFMAA
CDP cartridge.53
Harju et al.86 reported the results of a STX proficiency test (PT) for the
Establishment of Quality Assurance for the Detection of Biological Toxins of Potential
Bioterrorism Risk (EQuATox), a research program of the European Union. The aim of
the PT was to evaluate existing methods for PSP analysis and to assess the capabilities
of European laboratories to analyze STX and select analogs in samples (algal and
mussel). Ten laboratories participated in the PT and each laboratory applied one or
more PSP methods to the identification and quantitation of PSP toxins in the provided
samples. The methods evaluated included immunoassay methods (ELISA and lateral
flow immunoassay), mouse bioassay (MBA), and chromatographic-based (LC-FD and
LC-MS/MS). The MBA was limited by its lack of applicability to the algal samples. The
results of the PT indicated the participating laboratories could detect PSP toxins in algal
and mussel samples; however, the MBA and immunoassay methods could not identify
individual PSP toxins present in a sample. The quantitative results of STX obtained via
LC-MS/MS and LC-FD were in good agreement; however, not all laboratories were able
to identify the additional toxins present in samples. This is most likely due to sensitivity
differences between the methods applied for analysis.
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Harju et al.84 further evaluated the sample preparation for the HILIC-MS/MS
analysis of STX in mussel samples. Mussel samples were extracted using three
different solvents: 1% aqueous acetic acid (v/v), 0.1 M aqueous acetic acid, and
80/20/0.1 acetonitrile/water/formic acid (v/v/v). The 1% aqueous acetic acid (v/v)
extraction solvent offered the highest recovery of STX. Although commonly used for
PSP extraction procedures, hydrochloric acid was not used as an extraction solvent due
to reported ion suppression from matrix effects when using MS detection. Further
purification of the acetic acid mussel extract was achieved by diluting the extract with 4
mM aqueous ammonium formate in acetonitrile (40/60, v/v; pH = 3.5) and syringe
filtering the precipitate prior to LC-MS/MS analysis. The purified mussel extract was
analyzed via a modified HILIC-MS/MS method82 employing a Tosoh Bioscience TSK-gel
Amide-80 analytical column (150 x 4.6 mm, 3 μm; Stuttgart, Germany). The MS/MS
analysis was performed with a Thermo Finnigan LXQ linear ion trap mass spectrometer
(Hemel Hempstead, United Kingdom). The 1% aqueous acetic acid (v/v) extraction
solvent provided the highest recovery of toxins from mussel matrix. The ability of the
LC-MS/MS method to identify and quantify the PSP toxins (dcSTX, NEO and STX) in
mussel samples was demonstrated.
Recent work by Boundy et. al.36 (2015) demonstrated reduced matrix effects
using a single acid extraction procedure (1% acetic acid) followed by graphitized carbon
SPE cartridges. The developed method employed an automated SPE instrument
(Gilson Aspec XL4; Middleton, WI). HILIC-MS/MS analysis employed an Acquity UPLC
BEH Amide column (150 x 2.1 mm, 1.7 μm, 130 Å; Milford, MA). Two different LCMS/MS systems were utilized: a Waters Acquity UPLC iClass (with flow through needle
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sample manager; Milford, MA) coupled to a Waters Xevo TQ-S triple quadrupole mass
spectrometer (Milford, MA) and a Waters Acquity UPLC (with fixed loop sample
manager; Milford, MA) coupled to a Waters Micromass Quattro Ultima triple quadrupole
mass spectrometer (Milford, MA). Although both systems demonstrated suitable
performance for the routine monitoring of the PSP toxins, the newer system (Xevo TQS)
produced sharper chromatographic peaks due to increased sensitivity and faster scan
speeds (15-20 scans per chromatographic peak). In comparison, the older system
(Ultima) was capable of slower scan speeds (6-10 scans per chromatographic peak).
Automated SPE capability and fast gradient elution (11 minutes) offered high sample
throughput; however, the toxins were not all chromatographically resolved. Several
toxins co-eluted with each other: dcSTX, dcNEO, STX, and NEO; GTX-1 with dcGTX-2;
and GTX-4 with dcGTX-3. The developed method underwent single-laboratory
validation following guidelines published by the International Union of Pure and Applied
Chemistry (IUPAC).87 Reported limits of detection for the validated method are shown in
Table 1.4 for select PSP toxins. Based on the performance of the single-laboratory
validation, it was recommended the method undergo additional validation studies. 87
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Table 1.4. Average limits of detection reported for select PSP toxins according to the
validation protocol followed by Turner et al.87 The method validated was reported by
Boundy et al.36
Average Limit of Detection
Toxin
(n=8; μg STX diHCl equivalents per 100 g shellfish meat)
dcSTX
0.029
NEO
0.12
STX
0.016
GTX-1
0.23
GTX-4
0.16
GTX-2
0.059
GTX-3
0.12
GTX-5
0.016
C-1
0.0032
C-2
0.0092

The challenges associated with employing LC-MS/MS based methods include:
expensive instrumentation and the requirement of skilled operators88; toxin standard
solutions not being available for all PSP toxins88; and conversion of data acquired
chromatographically into units of toxicity, which is challenging due to discrepancies in
the reported potencies of individual PSP toxins.36, 88 Continued research in the area of
HILIC-MS based methods for PSP toxin analysis has demonstrated the applicability of
these techniques for monitoring the toxins. Consequently, it is a recommendation of the
European Food Safety Authority that “LC-MS/MS-based methods should be further
elaborated to improve selectivity and sensitivity” and inter-laboratory validation protocols
be completed.35
1.5. Methodology Selected for the Analysis of PSP Toxins in New Hampshire
A goal of the New Hampshire Public Health Laboratories (NHPHL; Concord, New
Hampshire) is to develop an instrumental-based method for the analysis of PSP toxins
in harvested shellfish. The presented research was conducted in its entirety at the
NHPHL employing high performance liquid chromatography (HPLC) and tandem mass
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spectrometry (MS/MS) methods. The advantages and limitations of the HPLC-MS/MS
instrumental facilities at the NHPHL were investigated for the analysis of PSP toxins in
harvested shellfish. The instrumentation evaluated included three different HPLCMS/MS systems: a Waters Alliance 2695 Separations Module HPLC interfaced to a
Waters Quattro Micro triple quadrupole mass spectrometer (Milford, MA); an Agilent
1200 Series HPLC (Santa Clara, CA) interfaced to a Thermo Scientific LTQ linear ion
trap mass spectrometer (Waltham, MA); and a Thermo Scientific Dionex UltiMate 3000
HPLC interfaced to a Thermo Scientific LTQ Velos Pro linear ion trap mass
spectrometer (Waltham, MA). Understanding the capabilities and limitations of the
available instrumentation is important if an instrumental method may one day replace
and/or supplement the mouse bioassay for PSP toxin analysis at the NHPHL.
1.5.1. Hydrophilic Interaction Liquid Chromatography (HILIC)
Liquid chromatography (LC) provides a means of separating a complex mixture
into its individual components. Separations in LC are achieved by exploiting differences
in the properties of analytes such as differences in hydrophobicity, polarity or charge.
There are several modes of LC including reversed phase (RP), normal phase (NP), ionexchange (IE) and hydrophilic interaction (HILIC)89. Reversed phase liquid
chromatography (RPLC) is a routine technique that employs a non-polar stationary
phase and a polar mobile phase; normal phase liquid chromatography (NPLC) uses a
polar stationary phase and a non-polar mobile phase, such as hexane or chloroform;
and ion exchange chromatography (IEC) separates analytes based primarily on charge
using a stationary phase containing ionizable functionalities which provide retention of
the analyte of interest. Similar to NPLC, HILIC uses a polar stationary phase and a non-
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polar mobile phase; however, the mobile phase typically consists of a minimum of 3%
water.90-91 The term HILIC was proposed by Alpert89 in 1990 to describe the increased
retention of hydrophilic solutes with a hydrophilic stationary phase and an aqueous
organic mobile phase; yet, HILIC conditions had been employed as early as the initial
work of Martin and Synge90, 92 (1941).
Ion exchange chromatography (interfaced with MS) has been demonstrated as a
possible chromatographic technique for PSP toxin analysis80, 93; however, limits of
detection are high in comparison to other validated methods93. RPLC requires the use
of ion-pairing reagents to retain the PSP toxins on the LC column.56, 94 NPLC has limited
compatibility with electrospray ionization mass spectrometry.91 HILIC has been
demonstrated to be a viable chromatographic technique for analyzing the PSP toxins36,
53, 55-56, 81, 84, 86, 95-98

and was the selected mode of LC separation for the present work as

well as previous research at the NHPHL85. In addition to retaining polar compounds
without ion-pairing reagents, HILIC offers advantages for interfacing to mass
spectrometric detection because the high organic content of the mobile phase results in
both low viscosity, which decreases column pressure, and higher volatility, which is
beneficial for efficiently desolvating ions in the electrospray ionization source of the MS,
thereby increasing sensitivity.90-91, 99-100 Decreased column pressure is useful for
operating at increased flow rates. Furthermore, HILIC has good compatibility with solid
phase extraction (SPE) solvents, which often have a high concentration of organic
content. The high concentration of organic content of the SPE eluent is ideal for direct
injection in HILIC.90
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Multiple modes of interaction affect retention in HILIC. Retention mechanisms are
dependent on the interactions of specific analytes between the selected stationary and
mobile phases.90-91, 101 Adsorption and partitioning are the two main retention
mechanisms of HILIC. Water from the mobile phase is adsorbed onto the polar
stationary phase creating a layer of water on the stationary phase surface. Verhaar et
al.102 and Nikolov et al.103 reported the water layer on the stationary phase was more
concentrated with water than the mobile phase. Furthermore, Nikolov et al.103
demonstrated that the uptake of water on the stationary phase was reduced in
methanol-water mobile phases compared to acetonitrile-water mobile phases. This
reduction in water uptake was attributed to the increased polarity of methanol
(compared to acetonitrile), resulting in methanol competing with water to bind to the
polar stationary phase. Polar analytes partition between the water layer and the bulk
mobile phase (typically an aqueous acetonitrile mixture) to achieve retention90, 103
Additional interactions that contribute to analyte retention in HILIC include: electrostatic,
ion-exchange, and ionic interactions between the analyte and the water layer.90-91
Examples of HILIC stationary phases include underivatized silica, as well as
diol-, amide-, and zwitterionic- (sulfoalkylbetaine) bonded phases.104 HILIC stationary
phases are hydrophilic. Different functionalities on the stationary phase surface modify
the retention and selectivity provided by a HILIC separation. The mobile phases used
for HILIC are typically a mixture of organic-aqueous solvents. Acetonitrile is commonly
used as the organic component. The mobile phase contains a minimum of 3% aqueous
(polar) content to achieve the adsorption of the water layer and the partitioning of the
polar analytes previously described.91, 99 The elution strength of HILIC solvents is shown
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in Figure 1.2.91 Substitution of different solvents affects the retention and selectivity of
analytes due to changes in the retention mechanisms.

Increasing elution strength (polarity)

Acetone

Acetonitrile

Isopropanol

Ethanol

Methanol

Water

Figure 1.2. Common HILIC mobile phase solvents in order of increasing elution
strength. A more polar solvent is considered the stronger solvent.91

Mobile phase pH also plays an important role in the quality of the HILIC
separation because pH may affect the ionization state of both the analyte and the
stationary phase.91, 99 For example, bare silica stationary phases contain silanol groups
(pKa ≈ 3.5), which deprotonate with increasing pH.105 Once these groups are
deprotonated (negatively charged), increased electrostatic interactions between
positively charged analytes occurs, resulting in stronger retention. The use of a buffer
(5-100 mM) maintains the pH of the mobile phase and improves peak shape. 100
Ammonium formate and ammonium acetate are commonly used buffers, with a
buffering pH range of 2.8-4.8 and 3.8-5.8, respectively.
1.5.2. Tandem Mass Spectrometry – MS/MS
Mass spectrometry (MS) is a technique used to separate ions in the gas phase
based on their mass to charge ratio (m/z). The mass spectrometer measures the ion
current versus the m/z to produce a mass spectrum. The charge (z) of the ions results
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from the addition or loss of a proton, electron or other charged species (e.g. CH5+). For
example, if two protons are gained by a molecule, the m/z ratio equals the mass of the
molecule divided by a charge of two. One key characteristic of the mass spectrometer is
that it operates under high vacuum conditions, typically 10-4 torr or less.106
The ionization process converts a molecule into a gas phase ion to be analyzed
by the mass spectrometer. There are several methods of ionization, including electron
ionization (EI) and chemical ionization (CI).106 In EI, a gas phase molecule is typically
exposed to electrons with an energy of 70 eV. The energy transferred when the
electrons and molecules interact is larger than the bond energy in the molecules
resulting in fragmentation of the molecule. This is considered a “hard” ionization
technique because the molecule is fragmented. Chemical ionization produces ions by
the transfer of a species (e.g. proton, CH5+). The transfer of a proton or CH5+ results in
positive ion chemical ionization. Negative chemical ionization can occur when an
analyte interacts with an electron or a negatively charged ion.106-107 This is a “soft”
ionization technique because the molecule does not generally undergo significant
fragmentation. For the analysis of PSP toxins, electrospray ionization, a soft ionization
technique, was used and is further discussed in section 1.4.2.1.
Although soft ionization techniques preserve the structure of the molecule during
ionization, fragments are not generally produced. Fragments are useful for structure
elucidation and confirming the identity of a molecule.108 In order to produce fragments
when a soft ionization technique is used, tandem MS (MS/MS) is a valuable
experimental tool.109 MS/MS analyzes fragments produced in the mass spectrometer.
One approach to MS/MS is to use two mass analyzers in tandem. The first mass

27
analyzer selects the precursor ion produced by the ionization source. The precursor ion
undergoes collisionally induced dissociation to form fragments (product ions), which are
then analyzed by the second mass analyzer. Figure 1.3 below shows a diagram of the
MS/MS process. MS/MS improves the specificity and increases the sensitivity of an
analysis because a specific ion can be selected to undergo fragmentation. This is useful
in complex sample matrices because this limits the detection of other ions and
decreases the detected noise. More details regarding MS/MS are included later in
section 1.4.2.2.

Mass Analysis
Stage 1

Mass Analysis
Collision Induced
Dissociation

(Precursor Ions)

Stage 2

(Product Ions)

Figure 1.3. A diagram representing the three-step process of MS/MS.
1.5.2.1 Electrospray Ionization
Originally, coupling LC and MS was a challenge due to the incompatibility of the
volume of liquid eluent produced by the HPLC with the high vacuum conditions required
for the mass spectrometer. John Fenn and his colleagues are credited with developing
a solution: electrospray ionization (ESI).110-111 ESI is an atmospheric pressure ionization
method that acts as both an ionization source and an interface between the HPLC and
MS. A schematic diagram of the ESI interface is shown in Figure 1.4. It can be operated
in positive mode, when positive ions are produced (e.g. gain of a proton, M+H+) or it can
be operated in negative mode, when negative ions are produced (e.g. loss of a proton,
M-H+).
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Figure 1.4. A schematic diagram of the ESI interface. Eluent produced by the HPLC
flows into the ESI source. The gas-phase ions are produced and introduced into the
mass spectrometer. The production of the gas-phase ions is discussed in the text.

The liquid eluent from the HPLC flows into the heated ionization source through a
stainless steel capillary that has an applied potential, typically 1 to 4 kV. The capillary
may be exposed to temperatures up to 380 °C (dependent on the operational limits of
the specific source used). The liquid aerosolizes as it exits the capillary, forming
charged droplets. The flow of a heated (up to 450 °C) desolvating gas (i.e. nitrogen) in
the enclosed ionization source desolvates the charged droplets. As the droplets shrink
in size, gas-phase ions are formed and transferred into the mass spectrometer due to
an applied potential and the high vacuum.106, 110
There are two theories describing how the charged droplets form gas-phase ions:
the charge-residue mechanism and the ion-evaporation mechanism. Both theories were
proposed prior to the work of John Fenn. Dole et al.112-113 proposed the charge-residue
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mechanism in 1968. It states that a charged droplet undergoes several Coulombic
fissions to ultimately produce a droplet containing a single gas-phase analyte
ion.111-112, 114 The formed droplet is in the presence of solvent molecules. As the solvent
evaporates, gas-phase analyte ions form and maintain the charge of the original
droplet.111-112
The ion-evaporation mechanism was suggested by Iribarne and Thomson 115-116
(1976), who reported that gas-phase ions are separated from the charged droplets
during desolvation when the electrostatic energy on the surface of the charged droplet
increases and the radius of the charged droplets decreases, approaching the Rayleigh
limit (radius <10 nm).106, 114, 116 The combination of high surface energy and a small
radius produces a high charge density on the surface, which causes the ions to leave
the surface of the charged droplet and form gas-phase ions.106, 114-115 In the electrospray
source, large molecules (>3000 Da) are ionized mainly through the charge-residue
mechanism, while small molecules may undergo a combination of the two
mechanisms.106, 114
1.5.2.2. Mass Analyzers for MS/MS
Following the production of gas-phase ions in the ionization source, the ions are
directed into the heart of the mass spectrometer: the mass analyzer. The mass analyzer
filters, or separates, the ions according to their mass to charge ratio (m/z). There are
several different types of mass analyzers, including: magnetic/electric sector,
quadrupoles (single or triple), ion traps, and time of flight instruments. The use of a triple
quadrupole instrument and two types of linear ion trap instruments were investigated for
the tandem MS (MS/MS) analysis of the PSP toxins for this study.
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The triple quadrupole evaluated for the analysis of the PSP toxins was a Waters
Quattro Micro (Milford, MA). A quadrupole consists of four parallel electrically
conductive rods (Figure 1.5). The rods are arranged equidistant from a central axis.

Figure 1.5. Diagram of a quadrupole depicting the trajectories of three different ion
trajectories: green, blue and orange. The ions following the green trajectory travel along
the central axis and onto the detector. The ions following the blue and orange pathways
collide with the rods or leave the pathway to the detector.106

Direct current (DC) and oscillating radio frequency (RF) potentials are applied to the
rods, which affects the trajectory of ions through the quadrupole. 117 Ions that follow a
stable trajectory through the central axis of the quadrupole reach the detector; however,
the ions that collide with the rods (unstable trajectory) are neutralized and do not reach
the detector. The quadrupole is capable of scanning a range of m/z (e.g. 100 to 500
m/z) or selecting a single m/z (i.e. single ion recording, SIR). To perform a scan, the
computer controlling the quadrupole adjusts the DC and RF potentials over a specified
amount of time. An SIR is performed by adjusting the potentials on the quadrupole to
only pass a single m/z through the quadrupole. The use of SIR increases sensitivity of
an analysis by improving the signal to noise ratio (S/N).
A quadrupole instrument typically either contains a single quadrupole or has
three quadrupoles in series (i.e. triple quadrupole). The linear arrangement of three
quadrupoles in a triple quadrupole instrument provides the MS/MS capability. Figure 1.6
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shows a basic diagram of a triple quadrupole, representing the three quadrupoles in a
“QqQ” format.

Figure 1.6. A schematic representing the arrangement of a triple quadrupole. “Q1” and
“Q2” are the mass analyzers. These quadrupoles have DC and RF potentials applied
and filter the ions according to their m/z. The quadrupole in the center (“q”) is the
collision cell with only RF potential applied to the rods.

The first quadrupole (Q1), with both DC and RF potentials applied, filters the precursor
ions from the other ions produced by the ionization source. After exiting the first
quadrupole, the precursor ions enter the second quadrupole (q). This is the collision
cell. Only RF potential is applied. The collision cell contains a neutral gas, such as
helium, nitrogen or argon.106 Collisions between the precursor ions and the neutral gas
atoms fragment the precursor ions into product ions in a process called “collision
induced dissociation” (CID). CID is further discussed below. The product ions exit the
collision cell and enter the third quadrupole (Q2), which filters the desired product ions
to the detector. Figure 1.7 shows the design of the Waters Quattro Micro utilized for the
PSP toxin analysis. Q1 and Q2 are designed as quadrupoles; however, the collision cell
(q) is a hexapole design in this instrument.
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Figure 1.7. A schematic diagram of the Waters Quattro Micro triple quadrupole
instrument. The first (blue) and third (red) quadrupoles act as mass analyzers. The
second “quadrupole” (gray) is called a collision cell and is where collision induced
dissociation (CID) occurs.

A mode of acquisition specific to a triple quadrupole is called multiple reaction
monitoring (MRM). Figure 1.8 shows a schematic of a MRM analysis. The use of MRM
enables the selection of a specific product ion. STX is used as an example in Figure
1.8. The first quadrupole selects the precursor ion, 300 m/z, in a similar manner to
performing a SIR. The precursor mass is fragmented into product ions of different m/z.
STX forms multiple product ions including: 138, 204 and 282 m/z. The third quadrupole
is set to select a specific product ion; typically the most abundantly formed product ion
is selected by the third quadrupole. In the case of analyzing STX in the Waters Quattro
Micro triple quadrupole mass spectrometer, the most abundant product ion was 138
m/z. Much like the SIR mode of acquisition, MRM increases the sensitivity of an
analysis by detecting specific product ions and increasing the signal to noise ratio (S/N).
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Figure 1.8. A schematic representation of multiple reaction monitoring (MRM), a mode
of acquisition for a triple quadrupole mass spectrometer. The MRM acquisition mode is
demonstrated using STX as an example. The first quadrupole (Q1) selects the
precursor mass of STX (300 m/z). The precursor mass undergoes fragmentation in the
second quadrupole (q), forming several product ions such as 138, 204 and 282 m/z.
The third quadrupole (Q3) selects a specific product ion, typically the most abundantly
formed product ion. In the case of STX, 138 m/z was the most abundantly formed
product ion for the Waters Quattro Micro triple quadrupole mass spectrometer.

An ion trap is another type of mass analyzer, which is capable of providing
MS/MS analysis. Unlike a quadrupole that filters ions traveling through the mass
analyzer, an ion trap filters ions that are stored (trapped) in a three dimensional space.
A linear ion trap consists of four hyperbolic rods, arranged in a similar manner as the
rods of a quadrupole. The four hyperbolic rods create a hollow space to trap the ions.
Application of different potentials enables the ion trap to complete four basic
operations: trapping, isolation, excitation (fragmentation) and ejection.2
For the analysis of the PSP toxins, two linear ion trap instruments were used: a Thermo
Scientific LTQ linear ion trap (Waltham, MA) and a Thermo Scientific Velos Pro linear
ion trap (Waltham, MA). Figure 1.9 shows a schematic of the linear ion trap found in the
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LTQ and Velos Pro systems. Figure 1.10 shows the layout of the Velos Pro linear ion
trap mass spectrometer.

Figure 1.9. The basic design of the linear ion trap present in both the Thermo Scientific
LTQ and Velos Pro mass spectrometers. An x rod and a y rod are depicted in (A). The
complete ion trap is depicted in (B). The complete ion trap consists of the four
hyperbolic rods, which are paired as X rods and Y rods. Each of the rods consists of
three sections, enabling discrete DC voltages to be applied to the rods. This improves
the containment of the ions along the central axis of the ion trap. An exit slit on each X
rod directs the ions to the detectors upon ejection. The images are not drawn to scale. 2
Figure 1.9 shows two schematics of the linear ion trap. The schematic on the left
(A) depicts the basic design of an X rod and a Y rod. The hyperbolic rods are made up
of three segments, which enable discreet DC voltages to be applied to each segment.
This allows for the ions to be contained (trapped) along the central axis of the middle
segment (i.e. axial trapping). The application of an RF voltage (1.2 MHz) to the
hyperbolic rods achieves radial trapping. The combination of axial trapping and radial
trapping results in the ions forming a “linear string” of ions along the central axis of the
ion trap.2 Each X rod contains an exit slit, where the ions are ejected to the detectors.
There are two detectors in this instrument design. The complete linear ion trap is
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shown in Figure 1.9, B (on the right). There are a total of four rods, two X rods and two
Y rods, enclosed in a cell.2
Figure 1.10 shows the configuration of the Velos Pro linear ion trap instrument,
including ion optics. A series of potentials applied to the ion optics guides the ions from
the electrospray ionization source to the linear ion trap mass analyzer. This instrument
differs from the LTQ because the linear ion trap consists of two cells: a high pressure
cell and a low pressure cell. Each of the cells is designed similar to the ion trap depicted
in Figure 1.9; however, the cells contain different helium gas pressures. The first cell is
the high pressure cell, where the helium gas pressure is maintained at 6.5 mTorr. The
second cell is the low pressure cell, in which the helium gas pressure is 0.3 mTorr. The
high pressure cell is used to trap selected precursor ions prior to fragmentation via
collision induced dissociation. The low pressure cell is responsible for ejecting the ions
to the detectors.2
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Figure 1.10. The Thermo Scientific Velos Pro mass spectrometer (Waltham, MA)
consists of a series of ion optics and the linear ion trap consisting of a high pressure cell
and a low pressure cell. The ion optics guide the ions from the electrospray ionization
source to the linear ion traps. The two cells are each designed as an ion trap (Figure
1.7); however, the first cell contains 6.5 mTorr of helium gas (high pressure cell) and the
second cell contains 0.3 mTorr of helium gas (low pressure cell).The two cells are
divided by a center lens.2

The precursor ions in both the triple quadrupole and the linear ion traps are
fragmented by collision induced dissociation (CID). CID occurs when the precursor ions
collide with neutral gas atoms and fragment. When the ions collide with the neutral gas
atoms, the kinetic energy of the ions is converted to vibrational energy, which increases
with every collision. Eventually, the vibrational energy causes the precursor ion to
fragment into product ions.2 Table 1.5 shows select PSP toxins and their product ions
produced during CID.56 The product ions formed correspond to a specific fragment lost.
The resulting product ions are detected by the mass spectrometer with different
intensities. Table 1.4 includes the relative intensities (%) reported to be detected by a
PE-SCIEX API 4000 triple quadrupole mass spectrometer (Concorde, ON, Canada). 56
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The intensity at which a mass spectrometer detects a product ion is dependent on the
instrument and specific instrumental conditions employed.
Table 1.5. Common product ions produced by CID for select PSP toxins. The product
ions were detected at different relative intensities. Dell’Aversano et al.56 reported the
fragment lost during CID and the relative intensity of each product ion detected using a
PE-SCIEX API 4000 triple quadrupole mass spectrometer (Concorde, ON, Canada).
Precursor
Ion (m/z)

Toxin

STX

300

dcSTX

257

NEO

316

Product
Ion
(m/z)
204
138
179
186
282
126
138
222
180
220
138
298
177
237

Fragment Lost During CID (m/z)
-2H2O-NH3-NHCO
-H2O-NH3-CO2-HNCNH-H2C2NH
-H2O-NH3-CO2-HNCNH
-3H2O-NH3-NHCO
-H2O
Not reported
-H2O-NH3-2HNCNH
-H2O-NH3
-H2O-NH3-HNCNH
-2H2O-NHCO-NH3
-H2O-NH3-CO2-HNCNH-H2C2NOH
-H2O
-2H2O-NH3-CO2-HNCNH
-H2O-NH3-CO2

Relative Intensity (%)
of the Product Ion
Detected by MS/MS
100
75
60
45
40
100
65
50
48
68
65
62
60
42

The product ion produced and the intensity at which a mass spectrometer
detects the product ion is dependent on the instrument employed for analysis. For linear
ion trap mass spectrometers, the main fragmentation pattern is the loss of a water
molecule (18 m/z) because less energy is transferred to the precursor ion. 2 In a triple
quadrupole instrument, more energy is imparted to the precursor ion. For example, STX
fragmentation results in product ions with 138 m/z and 282 m/z. The linear ion trap
mass spectrometers utilized for the presented work produced a stronger MS signal at
282 m/z; whereas the triple quadrupole mass spectrometer employed produced a
stronger MS signal at 138 m/z.
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1.6. Research Objectives
The New Hampshire Public Health Laboratories (NHPHL) are interested in
investigating the use of an instrument-based method for routine monitoring of PSP
toxins in harvested shellfish. The presented work focused on the development of a
HILIC-MS/MS method for the analysis of select PSP toxins in harvested shellfish using
the existing LC-MS/MS instrumentation available in the laboratory. The PSP toxins
selected include three toxins known to be present in New England coastal waters:
dcSTX, NEO and STX.18, 85 Method development utilized instrumentation available at
the NHPHL, including the three different LC-MS/MS systems: a Waters Quattro Micro
triple quadrupole (Milford, MA), a Thermo Scientific LTQ linear ion trap (Waltham, MA),
and a Thermo Scientific Velos Pro linear ion trap (Waltham, MA).
The capabilities and limitations of each instrument were evaluated for this
application using standard solutions of the selected PSP toxins and prepared shellfish
extracts. The standard solutions were used to develop a method that
chromatographically resolved the three toxins. The shellfish extracts were used to
assess the ability of the method to analyze the toxins in a shellfish matrix. The shellfish
extracts were prepared by the microbiology unit of the NHPHL, which used analyzed the
extracts via the mouse bioassay.38, 41 A known limitation of using these extracts is the
use of dilute hydrochloric acid as the extraction solvent, which causes ion suppression
when using mass spectrometry detection methods.84 The decision to use these extracts
was made in order to understand how current shellfish extraction procedures utilized by
the laboratory impact the developed LC-MS/MS method.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials and Instrumentation
2.1.1. Solvents
Purified water was obtained from a Millipore MilliQ Advantage A10 purification
system (Billerica, MA). Optima LC/MS grade acetonitrile, ammonium formate and formic
acid were purchased from Fisher Scientific (Waltham, MA). Prepared mobile phases
were vacuum degassed and filtered through a Millipore 0.45 μm nylon filter membrane
(Billerica, MA).
2.1.2. Toxin Standards
Individual toxin standard solutions of decarbamoyl (dcSTX), neosaxitoxin (NEO),
and saxitoxin (STX) were purchased in 0.5 mL glass ampoules from the National
Research Council Canada (Halifax, Nova Scotia). Each purchased ampoule contained a
certified concentration of toxin dissolved in aqueous 3 mM aqueous hydrochloric
acid.118-120 Table 2.1 shows the certified reference standard concentrations for each
toxin in 3 mM hydrochloric acid, including molecular weights.
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Table 2.1. Certified reference standard concentrations of individual toxins (in 3 mM
hydrochloric acid) purchased from the National Research Council Canada, including
molar masses of each toxin.
Molecular Molecular Weight for
Concentration
Weight
Dihydrochloride
Concentration
Toxin
(μM)
Free Base
(diHCl) Salt Form
(ppm)
(g/mole)31
(g/mole)31
dcSTX118
65.0 ± 1.8
256.3
329.2
21.4
NEO119
65.6 ± 3.4
315.3
388.2
25.5
120
STX
66.3 ± 1.4
299.3
372.2
24.7

The National Research Council Canada provides certified concentrations in units
of molarity (μM). Throughout the presented work, units of concentration will be
described as micrograms per milliliter (μg/mL or ppm) and nanograms per milliliter
(ng/mL or ppb). Units of ppm are included in Table 2.1 for reference. The PSP toxins
exist in solution as salts.31 For instance, when in the presence of hydrochloric acid, STX
will exist as saxitoxin dihydrochloride due to the two amine groups in the chemical
structure (figure 1.1).31 In order to convert from units of molarity to units of ppm, the
concentration (μM) is multiplied by the molecular weight of the PSP toxin salt form then
divided by 1000.31 The molecular weight of the free base and the dihydrochloride salt
form for each toxin is shown in Table 2.1.
2.1.3 Mussel Sample
Mussel (Mytilus edulis) samples were collected by personnel affiliated with the
New Hampshire Department of Environmental Services weekly from April thru October
from two locations on the New Hampshire coastline: Hampton Harbor and the Isles of
Shoals. Collected samples were received by the microbiology unit at the NHPHL for
extraction and analysis via the mouse bioassay.38, 41 Aliquots of extracted mussel meat
in hydrochloric acid solution were prepared by the microbiology lab and provided to the
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chemistry unit of the NHPHL for LC-MS/MS analysis. The extracted mussel samples
were stored at -20 °C prior to analysis.
2.1.4. Mussel Extract Sample Clean-Up Materials and Devices
Sample clean-up procedures were modified based on procedures previously
developed in the laboratory.85 The clean-up procedure utilized an Eppendorf MiniSpin
Plus centrifuge (Hamburg, Germany), which spins up to 14,500 rpm and can
accommodate up to twelve microcentrifuge tubes. Syringe filtration was performed
using a Becton Dickinson 1 mL disposable tuberculin slip tip syringe (Franklin Lakes,
NJ) equipped with a Pall Acrodisc 13 mm polypropylene syringe filter with a 0.2 μm
GHP (hydrophilic polypropylene) membrane (Port Washington, NY). Filtered extracts
were further processed using a Millipore Sigma Amicon Ultra-0.5 centrifugal filter device
with Ultracel-3 (regenerated cellulose) membrane (Billerica, MA). Each filter device
consisted of a filter unit and a polypropylene centrifuge tube. The nominal molecular
weight limit of the filter unit was 3 kDa.
2.1.5. Instrumentation
Multiple LC-MS/MS systems (Table 2.2) and chromatographic columns (Table
2.3) were employed during method development. After evaluation, a Supelco Ascentis
Express HILIC (3.0 x 100 mm, 2.7 μm, 90 Å) analytical column (St. Louis, MO) was
selected for the final chromatographic method. Each LC-MS/MS system included an
electrospray ionization source.
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Table 2.2. All chromatographic, mass spectrometric, and software systems utilized for
method development and/or sample analysis are listed below. The type of mass
spectrometer is also included.
System
1
2

3

Chromatography
(LC) System
Alliance 2695
Separations Module
(Waters)
Agilent 1200 Series
(Agilent)

UltiMate 3000
(Thermo Scientific)

MS/MS System
Micromass
Quattro micro API
(Waters)
LTQ (Thermo
Scientific)

LTQ Velos Pro
(Thermo
Scientific)

Type of Mass
Spectrometer

Software System

Triple quadrupole

MassLynx, V4.1
(Waters)

2D linear ion trap

2D linear ion trap

XCalibur 2.2
(Thermo Scientific)
Chromeleon
Chromatography
Management
System, V. 2.13
(Dionex and
Thermo Scientific);
Xcalibur 2.2
(Thermo Scientific)

Table 2.3. Analytical columns screened for the separation of three PSP toxins (dcSTX,
NEO and STX) on system 1 and/or system 2.
Analytical Column
Type of Stationary
Phase
Millipore SeQuant ZIC HILIC (2.1 x 150 mm, 3.5 μm, 200 Å;
Zwitterionic
Billerica, MA)
Waters XBridge BEH Amide (2.1 x 150 mm, 3.5 μm, 130 Å;
Amide
Milford, MA)
Supelco Ascentis Express OH5 (3 x 100 mm, 2.7 μm, 90 Å;
Pentahydroxyl
St. Louis, MO)
Supelcosil LC-Diol (4 x 250 mm, 5 μm, 120 Å; St. Louis, MO)
Diol
Supelco Ascentis Express HILIC (3.0 x 100 mm, 2.7 μm, 90 Å;
Silica
St. Louis, MO)

The LC components of system 1 consisted of a quaternary solvent pumping
system, temperature controlled autosampler, and column heater (Alliance 2695
Separations Module, Waters; Milford, MA). To reach below ambient temperatures on
system 1, a temperature controlled Polyscience Water Circulator Model 9105 (Niles,
Illinois) was used with a column water jacket. The LC component of system 2 included a
degasser, binary pumping system, temperature controlled column compartment, and
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temperature controlled autosampler (Agilent 1200; Santa Clara, CA). The LC
component of system 3 consisted of a quaternary solvent pumping system, temperature
controlled autosampler, and a temperature controlled column compartment (Dionex
UltiMate 3000, Thermo Scientific; Waltham, MA).
Each MS/MS system required nitrogen gas and either argon (system 1) or helium
gas (system 2 and system 3). Nitrogen gas was provided by a Parker NitroFlow Lab gas
generator (Cleveland, OH). Tanks containing compressed argon and helium (Purity Plus
Grade 5.0) were purchased from Haun Welding Supply (White River Junction, VT).
2.2. Methods
2.2.1. Development of Instrumental Method
2.2.1.1. Mobile Phase Preparation
Several mobile phases and elution conditions were evaluated in order to achieve
an acceptable degree of separation for the selected PSP toxins. Tested solvent systems
included various combinations and concentrations of acetonitrile, methanol, ammonium
formate, ammonium acetate, acetic acid, formic acid and ammonium hydroxide. The
final method employed isocratic mobile phase conditions consisting of 80/20/0.1 (v/v/v)
acetonitrile/aqueous ammonium formate/formic acid. The final concentration of
ammonium formate and formic acid in the mobile phase was 5 mM in water and 26.5
mM in water, respectively. The prepared mobile phase was vacuum degassed and
filtered through a Millipore 0.45 μm nylon filter membrane (Billerica, MA). A portion of
prepared mobile phase was reserved for the preparation of standards and the dilution of
mussel extracts.
Each chromatographic system required a needle wash and seal wash to prevent
the build-up of salts and contaminants and to maintain each system in good working
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order. The seal wash consisted of 20/80 (v/v) acetonitrile/water and the needle wash
consisted of 90/10 (v/v) acetonitrile/water.
2.2.1.2. Stationary Phase Selection
Several stationary phases were evaluated for providing an adequate separation
of target analytes using system 1 and/or system 2. System 2 offered the added benefit
of incorporating a column switching valve enabling multiple columns to be screened in a
single sequence of data collection. System 1 did not have this capability. The specific
stationary phases evaluated are outlined in Table 2.3 (section 2.1.5). Initial method
development employed a Millipore SeQuant ZIC HILIC guard column (2.1 x 20 mm, 5
μm; Billerica, MA) in combination with the ZIC HILIC analytical column previously used
for research in the laboratory.85 Guard columns are often placed before the analytical
column to protect the analytical column from impurities in complex matrices, preventing
fouling of the stationary phase and extending the lifetime of the analytical column.
Preliminary results showed excessive band broadening. In an effort to limit a possible
source of band broadening (the guard column), column screening did not make further
use of guard columns. Although the use of guard columns was not evaluated for the
presented work, it is recommended that the use of a guard column be evaluated when
analyzing a large number of real samples
The stationary phase finally selected for the analysis of the selected PSP toxins
was the Supelco Ascentis Express HILIC analytical column (3.0 x 100 mm, 2.7 μm, 90
Å; St. Louis, MO). The column is packed with a bare silica stationary phase. Unlike
commonly used stationary phase particles that are fully porous, the silica particles
packed in this column are core-shell particles (Fused Core™)– a porous silica shell (0.5
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μm) surrounds a solid silica core(1.7 μm). The overall size of the particle is 2.7 μm.1
Figure 2.1 shows a diagram of a core-shell stationary phase particle.

Figure 2.1. Schematic of a core-shell particle in the Ascentis Express HILIC analytical
column. The full diameter of the particle, shell and core, is 2.7 μm.1

When analyte molecules interact with a stationary phase particle, they may
diffuse into the porous particle to some extent. The porous shell of the core-shell
particle limits the diffusion depth compared to fully porous particles. Reducing the
distance an analyte can diffuse into the stationary phase particle improves the mass
transfer contribution to band broadening. This results in smaller chromatographic plate
heights, resulting in narrower chromatographic peaks.121 Additional benefits include the
ability to operate at higher flow rates and at lower backpressures.
Column temperatures from 10-40 °C were evaluated, with the best resolution of
toxins achieved at a column temperature of 10 °C. The mobile phase flow rate was set
to 0.35 mL/min. The injection volume for both standards and samples was 20 μL.
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2.2.1.3. Mass Spectrometer Parameters
MS/MS detection was optimized for each LC-MS/MS system. A solution (2 ppm)
was prepared for each individual analyte (dcSTX, NEO and STX) and each solution was
directly infused into the mass spectrometer to establish optimal operating conditions for
each MS/MS system. Tables 2.4, 2.5 and 2.6 show the final operating conditions for
system 1, system 2, and system 3, respectively. All systems employed positive
electrospray ionization (ESI) conditions. Positive ESI conditions produced stronger
detected MS signals for the selected toxins compared to negative ESI conditions.
Table 2.4. Optimized ESI and MS/MS detection for dcSTX, NEO and STX using system
1 (Quattro Micro, Waters)
Positive Electrospray Ionization
Capillary Voltage (kV)
1.5
Cone (V)
25
Extractor (V)
1
RF Lens (V)
0.1
Source Temperature (°C)
150
Desolvation Temperature
450
(°C)
Desolvation Gas Flow (L/hr)
850
Cone Gas Flow (L/hr)
75.0
MS/MS Analyzer Settings
LM Resolution 1 (V)
15.0
HM Resolution 1 (V)
15.0
Ion Energy 1 (V)
1.0
Entrance (V)
1
24 (dcSTX)
Collision (eV)
30 (NEO)
30 (STX)
Exit (V)
3
LM Resolution 2 (V)
15.0
HM Resolution 2 (V)
15.0
Ion Energy 2 (V)
3.0
Multiplier (V)
650 V
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Table 2.5. Optimized ESI and MS/MS detection settings for dcSTX, NEO and STX using
system 2 (LTQ, Thermo Scientific).
Positive Electrospray Ionization
Sheath Gas Flow Rate (arbitrary units)
15
Auxillary Gas Flow Rate (arbitrary units)
20
Sweep Gas Flow Rate (arbitrary units)
5
Spray (Needle) Voltage (kV)
5
Ion Transfer Tube Temperature (°C)
275
Ion Transfer Tube Voltage (V)
33
Tube Lens (V)
100
MS/MS Analyzer Settings
Multipole 00 Offset (V)
-1.75
Lens 0 Voltage (V)
-4.50
Multipole 0 Offset (V)
-4.75
Lens 1 Voltage (V)
-18.0
Gate Lens Voltage (V)
-32
Multipole 1 Offset (V)
-9.50
Multipole RF Amplitude (V p-p)
400.0
Front Lens Voltage (V)
-5.25
47 (dcSTX)
Normalized Collision Energy (%)
38 (NEO)
45 (STX)

Table 2.6. Optimized ESI and MS/MS detection settings for dcSTX, NEO and STX using
system 3 (Velos Pro, Thermo Scientific).
Positive Electrospray Ionization
Heater Temperature (°C)
300.0
Sheath Gas Flow Rate (arbitrary units)
45
Auxillary Gas Flow Rate (arbitrary units)
5
Sweep Gas Flow Rate (arbitrary units)
3
Spray Voltage (kV)
3.00
Ion Transfer Tube Temperature (°C)
350.0
S-Lens RF Level (%)
58.0
MS/MS Analyzer Settings
Multipole 00 Offset (V)
-2.00
Lens 0 Voltage (V)
-3.00
Multipole 0 Offset (V)
-9.00
Lens 1 Voltage (V)
-15.0
Multipole 1 Offset (V)
-20.0
Front Lens Voltage (V)
-8.50
45 (dcSTX)
Normalized Collision Energy (%)
31 (NEO)
31 (STX)
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The collision energy for each system was optimized for each toxin based on the
most abundant product ion produced during the fragmentation process. Table 2.7
shows the mass transitions used for multiple reaction monitoring (MRM) of each toxin in
each of the three instruments. The mass transition represents the precursor ion (m/z)
and the product ion (m/z). The most abundant product ion differed from system 1
compared to system 2 and system 3 because there is less energy involved during the
collision induced dissociation process in the ion traps (system 2 and system 3)
compared to the triple quadrupole (system 1). The loss of a water molecule (-H2O, m/z
= 18) is typically the primary fragmentation pattern for the ion trap systems.2
Table 2.7. The MRM mass transitions used for detection of the most abundant product
ion. The collision energies described in Tables 2.4-2.6 correspond to each mass
transition.
System
MRM Mass Transitions (m/z)
dcSTX: 257.1 > 126.1
System 1
NEO: 316.1 > 126.1
STX: 300.1 > 138.1
dcSTX: 257.1 > 239.1
System 2
NEO: 316.1 > 298.1
STX: 300.1 > 282.1
dcSTX: 257.1 > 239.1
System 3
NEO: 316.1 > 298.1
STX: 300.1 > 282.1

2.2.2. Preparation of Toxin Standards
Unopened glass ampoules of toxin standards were stored at 4 °C. Prior to
opening, ampoules were allowed to warm to room temperature on the lab bench
(approximately 30 minutes) and the contents were vortexed with a Fisher Scientific
Digital Vortex Mixer (Waltham, MA). An equal volume was removed from each ampoule
to prepare the intermediate standard. Any volume remaining in an ampoule were
transferred to a glass vial (2 mL) and stored at -20°C for later use.
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Analytical standards for LC-MS/MS analysis were prepared from an intermediate
standard. The intermediate standard contained equal volumes (100 μL) of dcSTX, NEO
and STX. The final concentration of dcSTX, NEO and STX (specified as the
hydrochloride salt) in the intermediate standard was 7.13, 8.49, and 8.23 ppm,
respectively. The intermediate standard was then diluted with prepared mobile phase to
produce analytical standards for LC-MS/MS analysis. Analytical standards were
prepared via serial dilution ranging from 0.7-50 ppb.
2.2.3. Sample Preparation
2.2.3.1. Extraction Method
Mussel samples were prepared (extracted) by the microbiology unit at the
NHPHL. The method follows the official AOAC extraction protocol for the mouse
bioassay method.38, 41 Briefly, 12-25 tightly-closed, undamaged mussels were cleaned
and opened. The opened shells were rinsed and approximately 150 grams of shellfish
meat was placed into a #10 sieve and allowed to drain for five minutes before
homogenizing in a blender. A mass of 100 grams of homogenized shellfish meat was
placed in a beaker and the mass was recorded.
PSP toxins were extracted from the homogenized shellfish meat using 100
grams of 0.18 M hydrochloric acid. The pH of the mixture was maintained within a range
of 2-4. The pH was adjusted accordingly using 5 M hydrochloric acid (decrease pH) or
0.1 M sodium hydroxide (increase pH). The mixture was stirred and heated to a boil
(100 ± 1 ºC). After boiling for five minutes, the mixture was cooled in an ice water bath
to room temperature. The pH was adjusted using either 5 M hydrochloric acid or 0.1 M
sodium hydroxide. The mass was recorded and brought to 200 grams with dilute
aqueous hydrochloric acid (pH 3). The mixture was stirred and the supernatant was
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transferred to centrifuge tubes and centrifuged for five minutes at 3000 rpm. The
centrifuged supernatant (extract) was then used for the bioassay analysis and a portion
of this extract was reserved and provided to the chemistry unit at the NHPHL for LCMS/MS analysis. Mussel extracts were stored frozen at -20 °C prior to analysis.
2.2.3.2. Sample Extract Clean-Up Method
Frozen mussel extracts were thawed to room temperature before undergoing
additional clean-up steps. The clean-up method employed for analysis was modified
from a method previously developed in the laboratory.85 The Amicon Ultra filtration
devices consist of a filter unit and a centrifuge tube (Figure 2.2).

Figure 2.2. Image of the Amicon Ultra filtration device.

The membrane of the filter unit contains trace amounts of glycerin.122 To remove the
glycerin, the filter units were rinsed prior to clean-up of the mussel extract.
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Approximately 0.5 mL of 3 mM hydrochloric acid was loaded into the filter unit, placed in
a centrifuge tube and capped. The device was centrifuged for 30 minutes at 14,500
rpm. The filter device was uncapped. The filter unit was inverted and centrifuged for an
additional 15 minutes at 14,500 rpm in order to remove any additional 3 mM HCl from
the filter unit. The rinsed filter unit was placed into a new centrifuge tube and the
centrifuge tube containing 3 mM HCl was discarded.85
After rinsing the filter unit, thawed mussel extract (0.1 mL) was diluted to 1 mL
with prepared mobile phase (80/20/0.1, acetonitrile/aqueous ammonium formate/formic
acid, v/v/v) to prepare the dilute mussel extract. Approximately 0.8 mL of dilute mussel
extract was placed in a second centrifuge tube and centrifuged for 15 minutes at 14,500
rpm. Approximately 0.6 mL of the supernatant was removed and syringe filtered into the
pre-rinsed filtration device using a Becton Dickinson 1 mL disposable syringe (Franklin
Lakes, NJ) equipped with a Pall Acrodisc 13 mm polypropylene syringe filter (0.2 μm
GHP membrane; Port Washington, NY). The pre-rinsed filtration device (containing the
filtered supernatant) was centrifuged for 15 minutes at 14,500 rpm. The filtered, clean
extract was then transferred into a glass vial for LC-MS/MS analysis.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Overview of Optimizing the Mass Spectrometer Settings
The first step for developing the LC-MS/MS method was to optimize the settings
of the mass spectrometer. Due to differences in ionization of analytes, the settings of
the mass spectrometer must be evaluated and modified to ensure an adequate signal is
detected for each analyte by the instrument. The settings to be optimized primarily
include the temperatures, gas flows, and voltages of the electrospray ionization source
and ion optic components of the instrument. The mass spectrometer for each LCMS/MS system utilized for this research was the only method of chromatographic
detection available. Because three different mass spectrometers were used throughout
the method development process, optimized settings were established for each
instrument. Following optimization of the mass spectrometer settings, the liquid
chromatographic method development process was undertaken.
The majority of the method development process was conducted on the Waters
Alliance 2695 Separations Module (HPLC) and Waters Quattro Micro triple quadrupole
mass spectrometer (system 1; Milford, MA). Due to instrumental malfunctions on
system 1, a shift to different instruments was required during the method development
process. Two additional systems were used to acquire data: an Agilent 1200 Series
HPLC (Santa Clara, CA) with a Thermo Scientific LTQ linear ion trap mass
spectrometer (system 2; Waltham, MA) and a Thermo Scientific UltiMate 3000 HPLC
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(Waltham, MA) with a Thermo Scientific LTQ Velos Pro linear ion trap mass
spectrometer (system 3; Waltham, MA).
3.2. Optimization of Ionization and Detection Settings via Direct Infusion of
Analyte Solutions
Optimization of the conditions employed for the ionization and detection of
analytes is important to ensure an adequate signal is detected for each analyte by the
mass spectrometer. This procedure is called “tuning” and is completed by direct
infusion. Direct infusion is the process of continually flowing (infusing) a solution
containing one analyte at a known concentration directly into the mass spectrometer via
the electrospray ionization (ESI) source. During the direct infusion process, the
parameters of the ionization source and ion optics are manually adjusted (“tuned”) to
maximize the detected signal for each analyte.
Direct infusions needed to be completed for each toxin (dcSTX, NEO and STX)
on each system because of differences in the ionization, ion optics and mass analyzer
of each system. Positive electrospray ionization was employed for the ionization of
dcSTX, NEO and STX since the strongest MS signal for these analytes was detected
using this mode of ionization compared to negative electrospray ionization. Positive
electrospray ionization produces positive ions (e.g. gain of a proton, M+H+), whereas
negative electrospray ionization produces negative ions (e.g. loss of a proton, M-H+).
The three analytes of interest were found to more readily produce positive ions instead
of negative ions. Generally, basic compounds, such as the PSP toxins, in low pH
solutions (e.g. pH ≈ 4 in prepared mobile phase) tend to more readily produce
protonated (positive) ions.2, 123
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3.2.1. Tuning the Waters Quattro Micro Triple Quadrupole Mass Spectrometer
System 1 was the primary mass spectrometer used for both methods
development and preliminary analysis of shellfish extracts. Figure 3.1 shows the
instrumental layout of the triple quadrupole mass spectrometer and the components
(underlined) which are optimized during the direct infusion process. The different
components are described subsequently.117, 124

Figure 3.1. A schematic of the Waters Quattro Micro triple quadrupole mass
spectrometer and the components optimized during the direct infusion process. The ion
pathway begins at the stainless steel capillary exiting the electrospray ionization source.
The ions are guided through the ion source and sample cone. Elevated temperatures
and nitrogen gas in the source aid in desolvation. The desolvated ions are focused by
the extractor lens and RF lens into the first mass analyzer (Q1), the collision cell (q) and
then the second mass analyzer (Q2). The ions are detected by a photomultiplier tube.
The ion pathway is indicated in the schematic by a red dotted line.
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The first part of the system is the electrospray ionization (ESI) source (figure 1.4).
The ESI source parameters include: a capillary voltage (kV), a cone voltage (V), an
extractor voltage (V), an RF lens voltage (V), a source temperature (°C), a desolvation
temperature (°C), a desolvation gas flow (L/hr) and a cone gas flow (L/hr).117, 124 The
source parameters are manually tuned using the LC-MS/MS software.
The eluent from the liquid chromatograph flows into the stainless steel capillary
(0.229 mm outer diameter/0.127 mm inner diameter; 185.5 mm long), which has a
potential applied to its tip, resulting in the formation of droplets as the liquid exits the
capillary. The capillary voltage typically recommended by the manufacturer (Waters) is
between 2.5-4.0 kV for positive electrospray ionization. Initial direct infusion results
indicated a capillary voltage of 3.5 kV produced the optimal signal for the three toxins;
however, a lower capillary voltage (1.5 kV) was ultimately selected based upon the
recommendation of a Waters technician.125 It was recommended to decrease the
capillary voltage in order to increase the sensitivity because of the use of higher mobile
phase flow rates (0.35 mL/min) in the developed method. The mobile phase flow rate
typically used during the direct infusion process was 0.1 mL/min. Figure 3.2 shows the
effects of different capillary voltages on the responses of dcSTX, NEO and STX. Single
injections of a 50 ppb standard containing the three toxins (prepared in mobile phase)
were evaluated at capillary voltages ranging between 1.5 to 3.5 kV. The mobile phase
flow rate was 0.35 mL/min.

56

Figure 3.2. Comparison of the peak area (response) for dcSTX, NEO and STX when
using selected capillary voltages. An increased response was observed when the
capillary was at lower voltages.

The data presented were obtained using multiple reaction monitoring (MRM) to detect
the abundance of product ions for each toxin. The response of dcSTX (126.1 m/z) and
STX (138.1 m/z) increased with decreased capillary voltage; however, the response of
NEO (126.1 m/z) was minimally affected by the capillary voltages investigated. This
observation was attributed to NEO ionizing less efficiently compared to dcSTX and STX.
Less ionization efficiency reduces the number of ions that are produced by the ESI
source and ultimately detected by the mass spectrometer. It is possible that a different
product ion associated with NEO produced a larger response when lower capillary
voltages were employed; however, additional product ions were not investigated for the
present PSP toxin analysis. A capillary voltage of 1.5 kV was selected for the PSP toxin
analysis.
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The cone voltage is applied to the sample cone, which is the entrance from the
ESI source into the ion optics and mass analyzers. The cone voltage can range from
20-100 V. A cone voltage of 25 V resulted in the highest signal of dcSTX, NEO and
STX. The extractor voltage is applied to the extractor lens to guide the ions into the
mass spectrometer. While the allowed extractor voltage ranges from 0-400 V, low
voltages (2-3 V) are suggested as a starting point for most analyses. A voltage of 1 V
was utilized for the developed method. The RF lens, arranged as a hexapole, focuses
the ions into the mass analyzers. The voltage applied to the RF lens ranges from 0-5 V.
A RF lens voltage of 0.1 V was selected for the PSP toxin analysis. The low voltages of
the extractor lens and RF lens resulted in the highest detected signal for dcSTX, NEO
and STX. Higher voltages were evaluated during the direct infusion process, but a
reduction in the MS signal was observed.
The temperature and gas flow settings within the ESI source primarily affect the
desolvation of the droplets. The flow rate of the liquid eluent and composition of the
mobile phase are key factors in choosing appropriate settings during the direct infusion
process. Typically, increased flow rates (>0.2 mL/min) require increased gas flows and
temperatures to effectively desolvate the droplets produced in the ESI source. Mobile
phases containing high percentages (>50%) of water require elevated temperatures.
The source temperature helps to prevent the vaporized eluent from condensing in the
ionization source. The maximum operating temperature of 150 °C was selected for the
PSP toxin analysis to accommodate the 0.35 mL/min mobile phase flow rate. The
desolvation temperature is the temperature of the desolvation gas (i.e. nitrogen) that
desolvates the sample as the droplets exit the capillary. The desolvation temperature for
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the PSP toxin analysis was set at 450 °C. The desolvation gas flows at a specific rate
(L/hr) to aid in desolvating the droplets. At low liquid flow rates (i.e. 10 μL/min),
desolvation gas flow ranges from 500-600 L/hr. However, at increased mobile phase
flow rates (i.e. ≥150 μL/min), a desolvation gas flow rate of 800-1000 L/hr is more
effective.124 For the PSP toxin analysis, the desolvation gas flow rate selected was 850
L/hr. The cone gas is also introduced to further evaporate the solvent (desolvate);
however, the cone gas is introduced at much lower flow rates (approximately 50-100
L/hr) to stabilize the beam of ions.124 For the developed method, a cone gas flow rate of
75 L/hr was selected. The temperatures and gas flows, in combination with the voltages
described above, resulted in improved MS response for the three toxins.
After tuning the ESI source parameters, the mass analyzer parameters are
manually tuned. A series of voltages are applied to the first mass analyzer (Q1), the
collision cell (q), and the second mass analyzer (Q2). The voltages were manually
adjusted to maximize the MS signal for dcSTX, STX and NEO. Both Q1 and Q2 have a
low mass resolution voltage (V), a high mass resolution voltage (V) and an ion energy
voltage (V). The low mass resolution voltage and the high mass resolution voltage
control the ratio of the RF and DC potentials applied to the quadrupole rods of each
mass analyzer and were set to 15 V for both Q1 and Q2. These voltages were set to
maintain a peak width at half height of less than 1 Da. The ion energy voltage was
different for Q1 and Q2. The ion energy voltages are set to allow the ions to travel
through the respective quadrupole (Q1 or Q2). For Q1, the ion energy voltage was set
to 1.0 V. For Q2, the ion energy voltage was set to 3.0 V. These values were selected
following manual adjustment of the voltages and resulted in Gaussian shaped peaks.
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The collision cell (q) voltages include an entrance lens voltage (V), a collision
voltage (V) and an exit lens voltage (V). The entrance lens voltage and exit lens voltage
help guide the ions through the collision cell. The entrance lens voltage was set to 1 V
to guide the precursor ions from Q1 into the collision cell to be fragmented; and the exit
lens voltage was set to 3 V to guide the resulting product ions out of the collision cell
into Q2. The collision energy voltage, an analyte dependent value, is the voltage applied
to the rods. The collision energy voltage is selected based on the voltage that produces
the largest signal for the most abundant product ion. The collision energies chosen for
the PSP toxin analysis were 24 V, 30 V and 30 V for dcSTX, NEO and STX,
respectively.
The final setting that is established during the tuning process is the
photomultiplier voltage. The photomultiplier voltage is applied to the detector. The
manufacturer recommended setting for the photomultiplier is 650 V. This voltage
maintains the detector at optimum performance and is generally not adjusted; therefore,
this setting was set at 650 Vfor the PSP toxin analysis. The combination of voltages,
gas flows, and temperatures described in the text above resulted in the detection of an
acceptable (i.e. strong) MS signal for each analyte (dcSTX, NEO and STX) using
system 1.
3.2.2. Tuning the Thermo Scientific LTQ Linear Ion Trap Mass Spectrometer
System 2 (Thermo Scientific LTQ linear ion trap mass spectrometer) became
available for use after performing the initial chromatographic method development on
system 1. The PSP toxins were analyzed via direct infusion prior to starting the method
development work on system 2. Figure 3.3 shows a schematic diagram of system 2.2-3
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The components that are manually adjusted during the direct infusion process are
underlined.

Figure 3.3. Schematic of system 2 (Thermo Scientific LTQ linear mass spectrometer).
The ion pathway begins at the capillary. The ions are guided by a series of ion optics to
the linear ion trap. The ions are detected by two electron multipliers on either side of the
linear ion trap. During the direct infusion process, voltages, gas flow rates and
temperatures are established for the components indicated (underlined on the
diagram.2-3

System 2 includes an electrospray ionization (ESI) source, ion optics and a linear ion
trap mass spectrometer. There are two electron multipliers (dual detectors) on either
side of the linear ion trap to detect the ions. The use of dual detectors increases
sensitivity of the analysis compared to the use of a single electron multiplier detector. 2
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The sample elutes from the HPLC and enters the ESI source through a sample
probe which contains a metal needle (i.e. capillary). A potential of 5 kV was applied to
the needle to ionize the analytes (dcSTX, NEO and STX). Upon exiting the needle,
nitrogen gas desolvates the droplets. There are two gas flow rates that must be
controlled in the ESI source: the sheath gas and the auxiliary gas. Nitrogen was used
for both the sheath gas and the auxiliary gas. The sheath gas is introduced in the
sample probe and flows on the outside of the needle (i.e. not in direct contact with the
sample contained in the needle).2 As the sample exits the needle, the droplets are
desolvated by the sheath gas. The sheath gas flow rate for this analysis was set at 15
arbitrary units (units are not reported by the manufacturer). The auxiliary gas flows
within the surrounding ESI source (i.e. not in the sample probe) and aids in
desolvation.2 The auxiliary gas flow rate was set at 20 arbitrary units for the PSP toxin
analysis. The sweep cone, similar to the sample cone on system 1, is located at the
entrance into the ion optics and mass analyzer. The use of a sweep cone improves the
ruggedness of the system by preventing contaminants from entering the ion transfer
tube.2 The sweep cone was used in combination with the sweep cone gas (nitrogen).
While the sweep cone and sweep cone gas improves the overall ruggedness of the
system, employing a sweep cone gas causes a reduction in the sensitivity of the system
due to the direction of the gas flow.2 The sweep cone gas is directed (i.e. flows) away
from the ion optics and mass analyzer. This reduces the sensitivity because it is
directing ions away from the mass analyzer, so fewer ions reach the detector. The
sweep cone gas flow rate for the analysis was set to 5 arbitrary units. The ion transfer
tube is placed after the sweep cone. It is surrounded by a heater block, which was
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heated to 275 °C. A potential of 33 V was applied to the ion transfer tube to transmit the
ions through the tube towards the ion optics and mass analyzer.
The ions travel through the ion transfer tube into the ion optics. The first
component is the tube lens. The tube lens focuses the beam of ions upon exiting the ion
transfer tube.2 The tube lens voltage was set to 100 V. Following the tube lens are
multipoles and additional lenses. The multipoles transfer the ions to the ion trap and the
lenses focus the beam of ions.2 The multipoles are designated: multipole 00, multipole
0, and multipole 1. RF potentials are applied to the multipoles to move the ions through
the apparatus and towards the linear ion trap. The multipoles are separated by lenses:
lens 0, lens, 1 and the gate lens. Each lens focuses the beam of ions towards the next
multipole. The potentials applied to the multipoles and lenses were optimized during
the direct infusion process. Multipole 00 and multipole 0 are square quadrupoles.
Multipole 1 is an octapole. The square quadrupoles are made up of square rods, unlike
the cylindrical rods found in some quadrupole mass analyzers such as the triple
quadrupole mass spectrometer (system 1) used for this research. Square quadrupoles
transmit a larger mass range compared to round quadrupoles.2 The use of an octapole
arrangement for multipole 1 improves the efficiency of transmission of ions into the
linear ion trap. The voltages applied to multipole 00, multipole 0, and multipole 1 were 1.75 V, -4.75 V, and -9.50 V, respectively. The voltages applied to lens 0, lens 1 and the
gate lens were -4.5 V, -18 V and -32 V, respectively.
The front lens separates multipole 1 from the linear ion trap mass analyzer.2 This
lens focuses the ions entering the linear ion trap. The voltage applied to the front lens
for the developed method was set to -5.25 V. A normalized collision energy value (%)
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was established for each toxin. The normalized collision energy is a percentage of 5 V
and is applied to fragment the precursor ions. The normalized collision energy for
dcSTX, NEO and STX was set to 47 %, 38 % and 45%, respectively. The selected
ionized fragments for each toxin were ejected from the trap and detected by the dual
electron multiplier detectors.
3.2.3. Tuning the Thermo Scientific LTQ Velos Pro Linear Ion Trap Mass
Spectrometer
Both system 2 and system 3 contain linear ion trap mass analyzers; however,
there are differences in the ion optics and overall design of these two instruments.
Figure 3.4. shows a schematic of system 3.2

Figure 3.4. Schematic of system 3 (Thermo Scientific Velos Pro linear mass
spectrometer). The ions flow from the electrospray ionization interface through the ion
optics and to the linear ion trap. The linear ion trap in this system consists of a high
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pressure cell and low pressure cell. The ions are detected by two electron multipliers on
either side of the low pressure cell of the linear ion trap. During the direct infusion
process, voltages, gas flow rates and temperatures are established for the various
components indicated on the schematic.2

Due to the similarities of system 2 and system 3 and to avoid redundancy, the
settings established through the direct infusion process on system 3 will not be
described in detail.2 Specific details regarding the differences between system 2 and
system 3 will be highlighted in the subsequent paragraphs. As with system 1 and
system 2, the settings for the electrospray ionization (ESI) source were selected based
on the settings that produced the largest detected signal for the three toxins. The
parameters in the ESI source were set to the following for the PSP toxin analysis: the
spray voltage of the capillary was set to 3.00 kV; the heater was set to 300 °C; the
auxiliary gas flow rate setting was 5 arbitrary units; the sheath gas flow rate setting was
45 arbitrary units; the sweep gas flow rate setting was 3 arbitrary units; the ion transfer
tube temperature was set to 350.0 °C; and the stacked ring ion guide (s-lens) level was
set to 58.0%. The s-lens voltage was set at the level recommended by the instrument
manufacturer to maintain the instrument in optimal working condition. The settings
selected for the ion optics were recommended by a Thermo Scientific technician 126, who
suggested the default settings be utilized for the analysis to achieve the highest
sensitivity and improve the ruggedness of the instrument.2 The ruggedness of the
instrument refers to the degree to which an instrument can reproduce results when
operated under different conditions (e.g. days of analysis, length of data acquisition, and
analysts).127 The default voltage settings for the multipoles were -2.00 V (multipole 00),
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-9.00 V (multipole 0), and -20.0 V (multipole 1). The default voltage settings for the
lenses were -3.00 V (lens 0), -15.0 V (lens 1), and -8.50 V (front lens). The normalized
collision energy was established for each toxin. The normalized collision energy is
stated as a percentage of 5 V (same as system 2). The normalized collision energy for
dcSTX, NEO and STX was set to 45%, 31% and 31%, respectively.
The differences in design between system 2 and system 3 reflect differences in
instrument technology. For the ESI source, although the general concepts of ESI are
employed, the particular source is a “heated” electrospray ionization (HESI) source,
which allows increased auxiliary gas flow rates to be used to improve desolvation. 2
After the HESI source, the sweep cone (and sweep cone gas) and ion transfer tube
direct the ions toward the stacked ring ion guide (s-lens). The s-lens replaces the tube
lens present in system 2. The s-lens focuses the ions into a tightly focused beam using
applied radio frequency potentials. The s-lens improves the transmission of the ions
through the lens because no DC potentials are applied, which effectively passes a
greater proportion of ions through the lens into the ion optics.
After the s-lens, additional ion optics (multipoles and lenses) transmit and focus
the ions along the pathway to the linear ion trap. Both system 2 and system 3 have
three multipoles. The multipoles designated as multipole 0 and multipole 00 differ in
design between system 2 and system 3.2 In system 3, multipole 00 is an octapole and
multipole 0 is a “rotated” quadrupole. In system 2, both multipole 00 and multipole 0 are
quadrupoles. Multipole 1 is an octapole in both system 2 and system 3. Multipole 00 is
designed as an octapole to more efficiently transmit the ions through the ion optics.
Multipole 0 is designed as a “rotated” square quadrupole. The quadrupole rods are
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square, as in system 2; however, the rods are rotated 45°.2 This prevents contaminants
from accumulating on the walls of the quadrupole, improving the ruggedness of the
system. The modified geometry of the quadrupole prevents non-ionized species from
being transmitted to the subsequent ion optics and the linear ion trap. As seen in figure
3.4, a novel feature of system 3 is the “neutral beam blocker”, which is attached to
multipole 0. The purpose of the neutral beam blocker is to block the non-ionized
species. Consequently, the “rotated” square quadrupole design with the “neutral beam
blocker” improves both the ruggedness and sensitivity of the analysis when using
system 3.
Following the multipoles, the front lens focuses the ion beam into the linear ion
trap. This is a dual cell linear ion trap. The use of a dual cell linear ion trap improves the
efficiency of the isolation and the dissociation of ions. The ions first enter the high
pressure cell, which efficiently traps, isolates and fragments the ions. The ions are then
focused by the center lens into the low pressure cell. The ions are ejected from the low
pressure cell and detected by the dual electron multiplier detectors.
3.2.4. Demonstration of the Effects of Collision Energy on the Fragmentation of
Precursor Ions
The selected collision energy for each analyte is an important variable for
achieving adequate detection of the product ions. The results of an experiment
performed to demonstrate the effect of collision energy on product ion detection are
shown in Figure 3.5. The data shown were obtained on system 3 following the
optimization of the temperatures, gas flows and voltages of the ESI source settings. As
stated previously, the collision energy for system 3 is referred to as the “normalized
collision energy.” The collision energy is normalized to a potential of 5 V. The
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instrumental setting is specified as a percentage of 5 V. Two normalized collision
energies (%) were chosen to demonstrate the effect of this variable on the
fragmentation of a STX precursor ion (300.1 m/z).

Figure 3.5. An example of MS/MS response for STX for two different normalized
collision energies on system 3: A) 15% and B) 31%. The normalized collision energy is
a percentage of 5 V that is applied to the X rods of the linear ion trap during collision
induced dissociation. The precursor ion of STX (300.1 m/z) is most abundant in
spectrum A, indicating very little fragmentation has occurred; whereas, fragments of
STX are most abundant in spectrum B.
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Figure 3.5 shows two product ion spectra (A and B) of STX with two different
normalized collision energies (%). Mass spectrum A (normalized collision energy of
15%) shows a peak at 300.1 m/z with 100% relative abundance. The mass to charge
ratio (m/z) of 300.1 is due to the STX precursor ion (M+H+) produced from the positive
electrospray ionization conditions. An ion at approximately 2% relative abundance
(228.2 m/z) is apparent on the spectrum; however, this ion is not reported to be
associated with the fragmentation of STX.128 The high relative abundance of the 300.1
m/z and the lack of fragments with appreciable abundance indicate that very little, if any,
fragmentation occurs. By increasing the normalized collision energy to 31% (mass
spectrum B), more fragmentation occurs. The most abundant ion (at 100% relative
abundance) is 282.1 m/z, which is a known fragment of the STX precursor ion.56 This
fragment is produced with a loss of water (18 m/z) from the STX precursor ion.
Additional fragments of lower abundance are present at 179.1 m/z, 221.0 m/z and 266.0
m/z.56, 128 Similar fragmentation patterns of STX were observed for system 2, which was
expected because this instrument is also a linear ion trap mass spectrometer.
System 1 produced different fragmentation patterns for the STX precursor ion
(300.1 m/z). The most abundant fragment ion produced on system 1 was 138.1 m/z,
with a loss of 162 m/z (-H2O-NH3-CO2-HNCNH-H2C2NH); the second most abundant
fragment was observed at 204.1 m/z, with a loss of 96 m/z (-2H2O-NH3-NHCO). Figure
3.6 shows the fragments of STX produced on system 1 when a 30 V collision energy
was applied to the collision cell of the triple quadrupole mass spectrometer (system 1).
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Figure 3.6. Mass spectrum showing the fragmentation of STX using the 30 V collision
energy applied for the analysis of PSP toxins. The most abundant product ions were
138 m/z and 204 m/z.

dcSTX and NEO exhibited similar differences in fragmentation patterns on the
three instruments employed for the analysis. The precursor ions for dcSTX and NEO
are 257.1 m/z and 316.1 m/z, respectively. When system 2 and system 3 were utilized,
the most abundant fragment ion (at 100% relative abundance) of dcSTX (239.1 m/z)
and NEO (298.1 m/z) resulted from a loss of water (18 m/z). When system 1 was
employed for analysis, the most abundant fragment ion (at 100% relative abundance)
produced during fragmentation was 126.1 m/z for both dcSTX (loss of 131 m/z) and
NEO (loss of 190 m/z).
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3.3. Development and Optimization of Chromatographic Conditions for the
Separation of STX, NEO and dcSTX
Several chromatographic conditions were evaluated to produce an adequate
separation of dcSTX, NEO and STX via HILIC. Standard solutions of dcSTX, NEO and
STX were prepared to evaluate the effects of selected experimental variables on the
separation produced, including: stationary phase, mobile phase, sample diluent,
injection volume, flow rate, elution profile (i.e. isocratic or gradient), and column
temperature.
Chromatographic method development was conducted primarily on the Waters
Alliance 2695 Separations Module coupled to the Waters Quattro Micro triple
quadrupole mass spectrometer (system 1) due to the initial availability of this instrument
specifically for the PSP toxin analysis. The Agilent 1200 HPLC Series interfaced to the
Thermo Scientific LTQ linear ion trap mass spectrometer (system 2) and the Thermo
Scientific UltiMate 3000 HPLC interfaced to the Thermo Scientific Velos Pro linear ion
trap mass spectrometer (system 3) were typically utilized when system 1 was
unavailable. The specific system utilized to obtain the data presented in the subsequent
sections of this chapter will be indicated.
3.3.1. Stationary Phase Selection
The chromatographic stationary phases were assessed using either system 1 or
system 2. Though not always available, system 2 was utilized when possible due to the
availability of a column switching valve on that system. The column switching valve
enables two chromatographic columns to be installed in the instrument at the same
time. The valve directs flow through one of the columns at a time. The computer
software is programmed to automatically switch the valve from one column to the other.
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The use of this valve automates the column screening process. Thus, each column can
be screened using several different mobile phase conditions to assess the interaction of
the toxins with the stationary phases under multiple conditions. Five different types of
stationary phases were evaluated for this research, including: zwitterionic, amide, diol,
pentahydroxyl and bare silica.
The zwitterionic stationary phase (Millipore SeQuant ZIC HILIC; 2.1 x 150 mm,
3.5 μm, 200 Å) consists of silica particles functionalized with sulfoalkylbetaine groups
(CH2-N+-(CH3)2-(CH2)3-SO3-).104 This stationary phase was available in the laboratory
due to its use in previous research at the New Hampshire Public Health Laboratories
(NHPHL)85; therefore, it was used in preliminary studies to assess its ability to separate
dcSTX, STX and NEO on system 1. The previous work demonstrated the use of the
zwitterionic stationary phase for PSP toxin analysis using an adapted HILIC-MS
method55; however, the adapted method did not chromatographically resolve NEO and
STX. Preliminary studies were limited by both broad chromatographic peaks and poor
chromatographic resolution of the three toxins under the mobile phase conditions
employed. While a variety of solvents and gradient profiles were investigated in an
attempt to reduce the effect of observed band broadening and to improve the
chromatographic resolution, the results were not satisfactory, and it was decided to
consider other types of stationary phases (amide, pentahydroxyl, diol and silica).
An amide stationary phase (Waters XBridge BEH Amide; 2.1 x 150 mm, 3.5 μm,
130 Å) was selected based on its use by Boundy et al.36 Unlike conventional silicabased stationary phases, the XBridge BEH Amide column consists of bridged ethylene
hybrid (BEH) stationary phase particles (Waters; Milford, MA). The particles are
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synthesized using two monomers (1,2-bis(triethoxysilyl) ethane and tetraethoxysilane)
to form polyethoxysilane (Figure 3.7).4, 104, 129

Figure 3.7. The reaction of the two monomers used to synthesize the BEH stationary
phase. The monomers undergo a condensation reaction (4:1, TEOS:BTEE molar ratio)
to form the polymer. The polymer is the basis of the stationary phase. The bridged
ethane group in the polymer is highlighted.130
The particles contain bridged ethane (H2C-CH2) groups within the silica structure.91 The
bridged ethane groups reduce the number of silanols by approximately one-third
compared to conventional silica-based stationary phases131; thus, the effects of silanol
groups (pKa ≈ 3.5)105 on the surface of the stationary phase are reduced. The reduction
of silanols decreases the acidity of the stationary phase, which improves the
reproducibility of the analysis and the chromatographic peak shape.4, 104, 132 Specifically
for basic compounds such as the PSP toxins, a reduction in peak tailing is observed. 104,
129

The BEH particles for the XBridge BEH Amide column are derivatized with a

trifunctional amide ligand (figure 3.8).4
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Figure 3.8. Schematic of a BEH amide stationary phase particle with a bridged silanol
group and trifunctional amide ligand.4 The Waters XBridge BEH Amide (2.1 x 150 mm,
3.5 μm, 130 Å) chromatographic column is packed with these functionalized BEH
stationary phase particles.

Several mobile phase conditions were evaluated with this stationary phase. The
evaluated mobile phases included different combinations of the following solvents:
water, acetonitrile, formic acid, and ammonium formate (5-20 mM). Both isocratic and
gradient elution conditions were evaluated. This stationary phase provided improved
chromatographic peak shapes compared to the zwitterionic stationary phase; however,
dcSTX, NEO and STX were not chromatographically resolved under the mobile phase
conditions tested.
The diol stationary phase investigated (Supelcosil LC-Diol; 4 x 250 mm, 5 μm,
120 Å) consisted of a silica based stationary phase particle with a diol ligand attached
(figure 3.9)5, 104
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Figure 3.9. Schematic of a silica based diol stationary phase particle.104 The 2,3dibydroxypropyl ligand is linked by a siloxane group (Si-O-Si).5 The Supelcosil LC-Diol
(4 x 250 mm, 5 μm, 120 Å) chromatographic column is packed with these stationary
phase particles.

Strong retention of the toxins on this stationary phase under the elution conditions
tested was observed. However, only limited selectivity between STX and dcSTX was
demonstrated. Furthermore, NEO was not detected under the tested elution conditions.
This column was not pursued further for the PSP toxin analysis.
The pentahydroxyl (OH5) stationary phase (Supelco Ascentis Express OH5; 3 x
100 mm, 3.5 μm, 90 Å) and the bare silica stationary phase (Supelco Ascentis Express
HILIC (3.0 x 100 mm, 2.7 μm, 90 Å) are similar in particle design – both are based on
the core-shell particle design (Fused Core™) that was discussed in section 2.2.1.2 The
OH5 stationary phase is composed of core-shell silica particles functionalized with a
ligand containing five hydroxyl (-OH) groups.133 The ligand is attached to the silica
particle via a novel proprietary linkage chemistry.133 The bare silica stationary phase
consists of bare core-shell silica particles (section 2.2.1.2).
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Figure 3.10 and figure 3.11 each present three chromatograms obtained using
the OH5 stationary phase and the bare silica stationary phase, respectively. The same
standard solution containing dcSTX, NEO and STX (0.43 ppm, 0.51 ppm, and 0.49
ppm, respectively) in 50/50 acetonitrile/3 mM aqueous hydrochloric acid (v/v) was
injected into each column. The chromatograms were acquired under gradient elution
conditions using the following reservoir solutions: (A) 95/5/0.1 acetonitrile/100 mM
aqueous ammonium acetate/glacial acetic acid (v/v/v) (apparent pH = 6) and (B) 5 mM
aqueous ammonium acetate with 0.1% (v/v) acetic acid (pH = 4). The gradient profile
began at 15% B, increased to 30% B over ten minutes, held at 30% B for five minutes
followed by re-equilibration. The conditions described above were preliminary conditions
used to evaluate the performance of the stationary phases. Each chromatogram
presented in the two figures is labeled with the toxin, the product ion (m/z) detected, and
the retention time (minutes) of the toxin.
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Figure 3.10. A standard solution (~0.5 ppm) containing dcSTX, NEO and STX was
injected into the Supelco Ascentis Express OH5 (3.0 x 100 mm, 2.7 μm, 90 Å)
chromatographic column. The product ion (m/z) associated with each extracted
chromatogram is: 298 m/z (NEO), 282 m/z (STX) and 239 m/z (dcSTX).
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Figure 3.11. A standard solution (~0.5 ppm) containing dcSTX, NEO and STX was
injected into the Supelco Ascentis Express HILIC (2.0 x 100 mm, 2.7 μm, 90 Å)
chromatographic column. The product ion (m/z) associated with each extracted
chromatogram is: 298 m/z (NEO), 282 m/z (STX) and 239 m/z (dcSTX).

The longer retention times observed for the bare silica column (figure 3.11) under
the same mobile phase conditions indicate the toxins interacted more strongly with this
stationary phase compared to the pentahydroxyl (OH5) stationary phase (figure 3.10).
The presence of negatively charged silanol groups (pka≈3.5) on the bare silica phase
may have resulted in stronger interaction of the positively charged toxins with this
stationary phase. Furthermore, there was visually only minimum selectivity observed for
STX and NEO on the pentahydroxyl column. One result which is interesting to note is
an additional peak eluted (11.1 minutes) just before the elution of STX and NEO with
the pentahydroxyl column. The elution of an additional peak was also observed when
other mobile phase conditions were evaluated for this stationary phase.
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Based on the column screening process, it was decided that the Supelco
Ascentis Express HILIC analytical column (3.0 x 100 mm, 2.7 μm, 90 Å; St. Louis, MO)
showed the most promise for providing an adequate separation of dcSTX, NEO and
STX. This column was selected for further evaluation exploring the use of different
mobile phase conditions to improve the separation of the three toxins.
3.3.2. Mobile Phase Selection
For each stationary phase that was screened, several mobile phases were
evaluated. The mobile phases need to be compatible (i.e. volatile) with electrospray
ionization (ESI) and mass spectrometric (MS) detection. Generally, the mobile phases
used in hydrophilic interaction liquid chromatography (HILIC) contain at least 60% (v/v)
acetonitrile and at least 3-5% (v/v) water.91, 99 These guidelines were typically followed
when evaluating different combinations of solvents as they are generally considered
ideal for achieving the primary retention mechanisms in HILIC (i.e. solute adsorption
and partitioning). Deviations from these guidelines were briefly explored as a way to
alter the retention mechanisms of dcSTX, STX and NEO on the HILIC stationary
phases.
Acetonitrile was the primary organic solvent used for the analysis due to its
decreased polarity compared to other common organic solvents (e.g. isopropanol,
ethanol and methanol). The aqueous portion of the mobile phase contained the volatile
buffers of ammonium formate/formic acid or ammonium acetate/acetic acid. The mobile
phases evaluated were typically in the range of 60-85% acetonitrile and 15-40%
aqueous buffer. Using lower concentrations of acetonitrile (30-40%, v/v) did not prove
effective in improving the separation of the PSP toxins. Additionally, the use of a small
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volume of methanol (5%) was investigated as a way to affect the retention of the
analytes. Increased retention times were observed for dcSTX, NEO and STX, which
was expected due to the increased polarity of methanol; however, adding methanol to
the mobile phase did not improve selectivity for the three analytes; therefore, its use
was not investigated further.
Several gradient elution conditions were explored in an attempt to achieve
chromatographic separation of dcSTX, NEO and STX. Table 3.1 shows an example of
three gradient elution conditions that were tested with the bare silica stationary phase
(Supelco Ascentis Express HILIC analytical column (3.0 x 100 mm, 2.7 μm, 90 Å; St.
Louis, MO). The mobile phase reservoirs used for the gradient elution conditions
contained: (A) 95:5:0.1 acetonitrile: 100 mM ammonium acetate in water: acetic acid
(v/v/v); (B) 5 mM ammonium acetate in water with 0.1% formic acid (v/v). The mobile
phase flow rate was set to 0.2 mL/min. The gradient conditions presented were
evaluated on system 2. The dwell volume was determined to be 0.6 mL for this system.
The dwell volume is the total volume between the point where the gradient forms (i.e.
within the HPLC pumping system) and the inlet of the column. It is important because it
is the volume of mobile phase that must be pumped through the system prior to the
gradient front reaching the column.
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Table 3.1. Five gradient elution profiles that were evaluated using the bare silica
stationary phase (Supelco Ascentis Express HILIC analytical column (3.0 x 100 mm, 2.7
μm, 90 Å; St. Louis, MO). Mobile phase reservoir A contained 95:5:0.1 acetonitrile: 100
mM ammonium acetate in water: acetic acid (v/v/v). Mobile phase reservoir B contained
5 mM ammonium acetate in water with 0.1% formic acid (v/v).
Gradient Composition of B (%) Time (minutes)
15
0
35
5
1
35
15
15
20
15
45
15
0
35
10
2
35
15
15
20
15
45
15
0
30
10
3
30
15
15
25
15
45

The table shows three different gradients. Each gradient started (time = 0 minutes) with
85% A/15% B. The composition of B increased by 15-20% (over 5 minutes (gradient 1)
or 10 minutes (gradient 2 and gradient 3). The composition of B was then held for 5
minutes before returning to the starting condition (85% A/15% B). The time from 25-45
minutes was used to re-equilibrate the column to the initial conditions. A challenge of
the gradient conditions tested was that the toxins did not elute until approximately 15-20
minutes (depending on the gradient profile), indicating the toxins were well retained on
the stationary phase. Stronger elution conditions were evaluated (up to 50% B) to
reduce the retention; however, limited chromatographic separation was achieved.
Based on the results obtained for the gradient elution conditions, isocratic elution
conditions were investigated. The use of isocratic elution conditions does not require re-
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equilibration of the column between injections, ultimately saving time during the sample
analysis. Isocratic elution conditions provided an improved chromatographic separation
compared to the gradient elution conditions investigated; therefore, isocratic elution
conditions were employed for the analysis of dcSTX, STX and NEO.
Ammonium formate with formic acid and ammonium acetate with acetic acid
were the buffers used to prepare mobile phases throughout the method development
process. The pH buffering ranges for ammonium formate and ammonium acetate are
2.8-4.8 and 3.8-5.8, respectively. The pH of prepared buffer solutions was within the
buffering ranges. Using mobile phases containing ammonium formate/formic acid
resulted in reduced tailing for NEO; therefore, this buffer was selected for use in the
mobile phase. Different concentrations (5-20 mM) of ammonium formate in water (with
0.1% formic acid, v/v) were investigated. A concentration of 5 mM ammonium formate in
water (with 0.1% formic acid, v/v) was selected for the final mobile phase conditions
based on the level of signal detected using this concentration. The final mobile phase
conditions for the analysis employed 80/20/0.1 acetonitrile/25 mM ammonium
formate/formic acid (v/v/v; pH = 3.1) under isocratic elution conditions.
3.3.3. Selection of an Appropriate Diluent for Standard Preparation
Various diluents, used to prepare the PSP toxin standard solutions, were
considered throughout the method development process, including combinations of:
acetonitrile, 3 mM aqueous hydrochloric acid (HCl), aqueous ammonium acetate/acetic
acid and aqueous ammonium formate/formic acid. Different concentrations (5-20 mM)
of aqueous buffers (i.e. ammonium acetate with acetic acid; ammonium formate with
formic acid) were evaluated. The use of 3 mM HCl as a PSP toxin standard diluent was
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considered due to its use in the certified reference materials (purchased from the
National Research Council Canada); its use in previous research85 as the diluent for
both PSP toxin standards and real shellfish samples (i.e. shellfish); and its use as the
shellfish extraction solvent.
It was observed that the chromatographic peak shape was impacted by the
choice of the sample diluent during preliminary assessment of the performance of the
zwitterionic chromatographic column. Because the zwitterionic column was purchased
previously and available in the laboratory, the column was initially evaluated using the
liquid chromatographic (LC) method specified on the column Certificate of Analysis
(COA). Briefly, a test solution containing toluene (250 ppm; solubility in water at 25 °C =
526 mg/L134), uracil (12 ppm) and cytosine (12.5 ppm) dissolved in water was injected
onto the column. The mobile phase was 80/20 acetonitrile/25 mM aqueous ammonium
acetate (v/v). The solutes were eluted under isocratic conditions and detected by
measuring UV absorbance at 254 nm.135 The resultant chromatographic peaks eluted at
3.7 minutes (toluene), 5.7 minutes (uracil), and 8.3 minutes (cytosine). The peaks were
broad (2 minute baseline width) with peak tailing observed. Following correspondence
with the column supplier (The Nest Group, Inc.), it was suggested that differences in
buffer concentration caused the inadequate peak shapes due to unwanted ion
exchange interactions occurring.136 It was further suggested to dilute the sample with
mobile phase instead of water.136 The use of mobile phase as the sample diluent
improved the peak shape, limiting the effects of peak tailing.
Additional evidence of the advantages of using mobile phase as the sample
diluent is presented in figure 3.12. Two overlaid chromatograms for two standards (25
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ppb STX) either diluted in 3 mM HCl or in mobile phase (80/20/0.1 acetonitrile/25 mM
ammonium formate/formic acid, v/v/v) are shown. The chromatograms were obtained
using the Supelco Ascentis Express HILIC (bare silica; 3.0 x 100 mm, 2.7 μm, 90 Å; St.
Louis, MO) chromatographic column operating under the final LC-MS/MS method
conditions developed for the PSP toxin analysis (described in Chapter 2). The data
were acquired using system 1.

Figure 3.12. Overlaid chromatograms comparing the detected response (i.e. intensity)
of a 25 ppb STX standard solution prepared in either 3 mM aqueous hydrochloric acid
or mobile phase (80/20/0.1 acetonitrile/25 mM ammonium formate/formic acid, v/v/v).
Data were acquired on system 1.

The effects of diluent on the chromatograms obtained show that the use of 3 mM
HCl in the sample diluent resulted in a decrease in the retention time of STX (12.5
minutes) compared to using the mobile phase as the sample diluent (12.7 minutes).
Furthermore, decreased intensity of the STX in 3 mM HCl sample indicated a smaller
STX response was detected when the standard was prepared in HCl. Similar behavior
was observed for dcSTX and NEO. This suggests HCl suppresses the formation of ions
in the ionization source. Because it was desired to maximize the detected signal for
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each toxin, prepared mobile phase was employed as the diluent for standards and
samples.
3.3.4. Selection of Mobile Phase Flow Rate
Flow rates ranging from 0.2 mL/min to 0.5 mL/min were assessed. Figure 3.13
presents chromatograms obtained at four different flow rates: 0.2 mL/min, 0.35 mL/min,
0.4 mL/min and 0.5 mL/min using system 1. An increased flow rate was desired to
decrease the overall analysis time of the developed method. In a regulatory
environment such as the New Hampshire Public Health Laboratories, decreased
analysis time, provided through faster flow rates and isocratic elution conditions, results
in increased sample throughput, which is beneficial if data for a large set of samples
needs to be acquired.
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Figure 3.13. Comparison of different flow rates on the retention times and the
chromatographic separation of the three toxins. The total ion chromatograms (TIC) are
shown. The y-axis of the chromatograms is relative abundance (%). The x-axis is time
(minutes). The first peak corresponds to NEO; the second peak corresponds to STX;
and the third peak corresponds to dcSTX. The column temperature was 25 °C for each
of the chromatograms shown.
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The elution order, early to late, in each of the chromatograms was NEO, STX
and dcSTX. At a flow rate of 0.2 mL/min, the total analysis time was approximately 30
minutes. By increasing the flow rate to 0.35 mL/min, 0.4 mL/min, and 0.5 mL/min, the
total analysis time was reduced to approximately 15 minutes, 13 minutes, and 11
minutes, respectively. The reduced analysis times were determined by adding two
minutes onto the time it required for the final peak (dcSTX) to elute. Two minutes was
assumed to be a sufficient amount of time to end the analysis because no additional
peaks were detected after that time. The increased flow rates also resulted in
decreased separation of the peaks. A flow rate of 0.35 mL/min was selected for the
analysis as a compromise between the length of the analysis and separation of the
analytes achieved.
3.3.5. Column Temperature
The column temperature was found to be an important experimental variable for
improving the separation obtained using the Supelco Ascentis Express HILIC (3.0 x 100
mm, 2.7 μm, 90 Å; St. Louis, MO) chromatographic column. Column temperatures
ranging from 10-40 °C were evaluated. A column temperature of 10 °C was selected for
the temperature of the analysis as it resulted in sharper peaks and provided increased
chromatographic resolution of STX and dcSTX compared to the other temperatures
evaluated.
However, using a 10 °C column temperature introduced experimental challenges.
First, system 1 did not have a column compartment capable of cooling to below ambient
temperature. For this instrument, it was necessary to cool the column using a
temperature controlled Polyscience Water Circulator Model 9105 (Niles, Illinois) and a
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column water jacket. Second, while the column compartment on system 3 sometimes
maintained the 10 °C temperature, condensation and erratic temperatures were
observed during the late spring and early summer months. Even when the column
compartment was set to 10 °C, temperatures reached above 20 °C at the head of the
column and below 15 °C at the end of the column. The temperature instability resulted
in decreases in the retention time by approximately one minute for each toxin and
decreased resolution between STX and dcSTX.
3.3.6. Injection Volume
Preliminary method development was performed on system 1 with an injection
volume of 5 μL. Due to the low responses detected for NEO and concerns of peak area
reproducibility, injection volumes of 5-20 μL were subsequently evaluated on system 1.
The peak shape (i.e. potential effects of column overloading) and reproducibility of peak
area were key factors in selecting the final injection volume. Repeat injections of the
same standard mixture containing dcSTX (42.8 ppb), NEO (51 ppb) and STX (49.4 ppb)
in prepared mobile phase (80/20/0.1 acetonitrile/25 mM ammonium formate/formic acid,
v/v/v) were made on system 1 at three different injection volumes (5, 10 and 20 μL; 10
injections per injection volume). Figure 3.14 shows the responses obtained at the three
injection volumes for each toxin. Table 3.2 shows the average (n=10) peak area and
relative standard deviation obtained for each injection volume assessed. The peak
areas were obtained for the most abundant product ions of each toxin: 126.1 m/z
(dcSTX), 126.1 m/z (NEO), and 138.1 m/z (STX).
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Figure 3.14. The responses obtained for the selected m/z of the toxins at three different
injection volumes (5, 10 and 20 μL). The standard solution containing dcSTX (42.8 ppb),
NEO (51.0 ppb) and STX (49.4 ppb) in prepared mobile phase. A total of ten injections
were made for each injection volume. The correlation coefficients (R2) of the trendlines
for dcSTX, NEO and STX were 0.9999, 0.9995, and 0.9990, respectively. The error
bars show ± the standard deviation of the peak area.

Table 3.2. The average peak area of selected m/z of dcSTX, NEO and STX and the
relative standard deviations (RSD; %) at three different injection volumes (n=10).
dcSTX
NEO
STX
Injection
Volume
5
10
20
5
10
20
5
10
20
(μL)
Average
Peak Area 1246 2051 3586
219
372
721
1116 1871 3259
(Response)
RSD (%)

6.56

6.45

4.16

8.22

6.97

5.16

5.00

6.39

2.92

As seen in figure 3.14, a linear response was obtained for each toxin over the
range of injection volumes assessed (table 3.2). The responses obtained were expected
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to increase proportionally to the injection volume (e.g. if the injection volume increased
by a factor of 2, the response should increase by the same factor). Lower responses
(average peak area) were reported than expected with indicated injection volume (table
3.2). These results may indicate the autosampler on system 1 did not accurately inject
the specified injection volume. However another explanation could be that increased
injection volumes result in differences in the ionization efficiency of the toxins in the
electrospray ionization source, which may have resulted in decreased responses to be
detected at the higher injection volumes.
Table 3.2 shows the relative standard deviations (RSD; %) for each toxin for the
three injection volumes. The RSDs indicate the precision of the ten injections made at
each injection volume for each toxin. Each toxin demonstrated higher precision (i.e.
lower RSD) for a 20 μL injection volume. The improved RSD could be attributed to an
increase in the signal to noise ratio (S/N). Because a larger volume of sample was
injected into the system with a 20 μL injection volume and assuming the noise stayed
the same, the detected signal (response) of each toxin increased, which increased the
S/N. The increase in S/N with larger injection volumes was particularly beneficial for the
detection of NEO because the detected response for NEO was lower than the detected
responses for dcSTX and STX on system 1.
A consequence of increasing injection volume is possible column overload due to
operating under conditions that result in a non-linear partition isotherm, thereby affecting
peak shape. Overloading typically changes the peak shape from Gaussian (i.e.
symmetrical) to non-symmetrical (e.g. fronting or tailing). This behavior was not
observed under the injection volumes assessed. An injection volume of 20 μL was
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chosen for subsequent analyses on all systems due to higher precision and increased
S/N. Because the column and mobile phase conditions were the same on system 2 and
system 3, the injection volume (20 μL) was assumed to be a reasonable injection
volume on those systems.
3.4. Application of Developed Method to Mussel Matrix
The ability of the developed method to detect dcSTX, NEO and STX in a shellfish
matrix was demonstrated. A certified negative control mussel tissue matrix (CRM-ZeroMus) purchased from the National Research Council Canada was spiked (discussed
subsequently) with a solution (1 ppm) of dcSTX, NEO and STX. The matrix was
designed to be representative of the mussel tissues encountered in toxin analysis. It
consists of homogenized whole mussel tissues (sourced from harvested mussels from
New London Bay, Prince Edward Island) and water (~85%); and it does not contain
PSP toxins. The water present in the matrix is representative of the water content in
fresh mussel tissue. Each purchased ampoule contains 8 g (±0.5 g) of mussel tissue
matrix.137
The purpose of using the negative control matrix was to spike the matrix with a
high level (~1 ppm) of dcSTX, NEO and STX. Although this high level of toxin was not
expected to be present in the shellfish extracts used for subsequent analyses, it was
useful to demonstrate the ability of the developed method to separate and detect the
toxins in a shellfish (i.e. mussel) matrix.
The negative control matrix underwent the extraction and clean-up procedures
that the harvested shellfish analyzed by the New Hampshire Public Health Laboratories
(NHPHL) undergo.41, 85 The extraction procedure follows the procedure used for the

91
mouse bioassay.38, 41 Briefly, the extraction procedure is to combine 100 g homogenized
mussel tissues and 100 g 0.18 M hydrochloric acid. The mixture is boiled at 100 °C for
five minutes and cooled to room temperature. The mass is adjusted to 200 g with dilute
aqueous hydrochloric acid (pH 3) and the mixture is centrifuged (3000 rpm) for five
minutes. Due to limited quantities of negative control mussel matrix (CRM-Zero-Mus),
the extraction procedure was scaled down. Approximately 1.1 g of CRM-Zero-Mus was
mixed with 1.2 g of 0.18 M hydrochloric acid. The mixture was heated at 95 °C for five
minutes. The decreased temperature was used to prevent excessive boiling of the
smaller volume of mixture. The mixture was cooled to room temperature and the mass
was adjusted with 3 mM hydrochloric acid to accommodate for any mass lost during the
heating process. This extraction procedure was followed by the clean-up procedure
previously used in the laboratory.85 Briefly, the mussel extract was diluted with 3 mM
hydrochloric acid (0.1 mL extract with 0.9 mL 3 mM hydrochloric acid). The diluted
extract was centrifuged (14, 500 rpm) for fifteen minutes. The supernatant was syringe
filtered using a 1 mL disposable syringe equipped with a GHP Acrodisc 13 mm syringe
filter (0.2 μm GHP membrane) into a pre-rinsed Millipore Amica Ultra 3K centrifugal
filtration device. The device was centrifuged (14,500 rpm) for fifteen minutes. The result
was the clean mussel extract. The clean extract (100 μL) was spiked with 1 ppm
dcSTX, NEO and STX in 3 mM hydrochloric acid (150 μL). The final concentration of
PSP toxins present in the spiked matrix was approximately 0.6 ppm, which is a toxin
level expected to be well above the limits of detection for the developed method.
Following preparation, the spiked extract was analyzed by LC-MS/MS using system 1.
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Figure 3.15 presents the multiple reaction monitoring (MRM) chromatograms
obtained for one injection of the spiked mussel extract. The chromatograms in Figure
3.15 are associated with the following product ions: 126.1 m/z (NEO), 138.1 m/z (STX),
and 126.1 m/z (dcSTX).

Figure 3.15. The multiple reaction monitoring (MRM) chromatograms of NEO (126 m/z),
STX (138 m/z) and dcSTX (126 m/z) demonstrated the response of the PSP toxins in
mussel matrix. The chromatograms were obtained on system 1 under the conditions of
the developed method.

The peaks detected in the chromatograms in Figure 3.15 demonstrated the developed
LC-MS/MS method is adequate for analyzing the three PSP toxins in shellfish matrix at
this toxin concentration level. The elution order of the toxins matched the elution order
of the standard solutions; and the high level spike into the matrix resulted in a strong
response for dcSTX, NEO and STX. The broad chromatographic peaks (~1.5 minutes
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baseline width) were attributed to the high concentration (0.6 ppm) of toxin present in
the sample.
While the applicability of the method was demonstrated, the level of toxins was
expected to be much lower (ppb range) in the shellfish harvested from the New
Hampshire coastline. Subsequent analyses used shellfish extracts prepared from
shellfish harvested from the New Hampshire coastline to demonstrate the applicability
of the method to real samples containing decreased levels of toxins.
3.5. Investigation of Modifications to Sample Analysis and Treatment
The initial studies utilizing a spiked mussel matrix employed 3 mM aqueous
hydrochloric acid solution (HCl) to dilute the extracted matrix. Based on the decrease in
toxin response observed for standard solutions prepared in 3 mM HCl (figure 3.12), it
was decided to replace the HCl with mobile phase (80/20/0.1 acetonitrile/aqueous 25
mM ammonium formate/formic acid, v/v/v) to dilute the sample extract. The matrix
dilution and the clean-up procedure are reviewed in the following sections.
3.5.1. Matrix Dilution and Clean-Up Procedure for Extracted Mussel Samples
Matrix dilution was performed prior to the clean-up of the extracted mussel
sample.138 Although matrix dilution dilutes the analyte of interest (i.e. dcSTX, NEO and
STX), it also dilutes other components (e.g. salts) present in the sample matrix that may
contribute to ion suppression (i.e. matrix effects). Another benefit of matrix dilution is the
the lifetime of the LC column is extended and the MS instrumentation requires less
maintenance due to decreased contamination.139 The degree to which matrix dilution is
possible is limited by the detection limits of the analyte on the instrument used for the
analysis.138-139
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Preliminary studies utilized 3 mM aqueous hydrochloric acid to dilute the extracts
because of its use in previous work at the NHPHL.85 The extract diluted in HCl exhibited
similar chromatographic and MS behavior (i.e. decreased retention time and decreased
response) as the standards diluted in HCl. Therefore, prepared mobile phase (80/20/0.1
acetonitrile/25 mM ammonium formate/formic acid, v/v/v) was employed for the dilution
of the sample extracts.
In addition to choosing the dilution solvent, the level of dilution (dilution factor)
was evaluated using sample extract number 16-12. The dilution factor is the ratio of
sample extract to total volume prepared. Sample extract 16-12 was diluted according to
the following dilution factors: 1:10, 1:20, 1:40, 1:80, 1:160, and 1:320. The actual
volumes used to prepare each dilution are listed in Table 3.3. After dilution, each diluted
sample extract was cleaned following the procedure described in section 2.2.3.2. The
clean dilute extracts were then analyzed by LC-MS/MS analysis. Sample extract 16-12
was selected to evaluate the level of dilution because the extract was determined to
contain a high level (225 μg STX equivalents/100 g shellfish meat) of PSP toxins when
analyzed using the mouse bioassay. This extract was previously screened by LCMS/MS analysis (using sample clean-up procedures previously reported)85 to determine
if NEO and STX were present in the extract. Both NEO and STX were found to be
present; therefore, this extract was used to further evaluate matrix dilutions. dcSTX was
not detected in the extract and not used for the evaluation of the dilution factors. Table
3.3 compares the responses obtained for the six different dilutions prepared. The
response of NEO and STX are given as peak areas. The data were acquired on system
3.
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Table 3.3. Comparison of responses (peak areas) obtained for the six different dilutions
of shellfish extract 16-12. The sample extract was diluted using mobile phase (80/20/0.1
acetonitrile/25 mM aqueous ammonium formate/formic acid, v/v/v).
Volume
of
Extract
Used
(μL)

Total Volume
of Solution
Prepared (μL)

1:10
1:20
1:40

200
100
50

1:80
1:160
1:320

Dilution
Factor

Peak Area
(Response)

2000
2000
2000

STX
477,240
350,960
265,530

NEO
207,256
201,166
116,952

25
12.5

2000
2000

214,185
133,231

75,952
40,800

6

2000

88,392

30,817

The data in table 3.3 show that, as expected, the peak area (response) for the toxins
decreases as the dilution factor is increased. If dilution were the only effect on the
response (i.e. no matrix effects), it would be expected that the response would decrease
by a factor of 2 with each increase in dilution factor; however, the responses decreased
by less than a factor of 2 for STX and NEO (i.e. the responses were larger than
expected for STX and NEO). This result is consistent with the matrix dilution
successfully diluting the matrix components, limiting the effects of ion suppression.85 A
dilution factor of 1:10 (sample extract: prepared mobile phase, v/v) was selected for
subsequent analyses because it produced the largest response of STX and NEO.
3.5.2. Efficiency of the Clean-Up Procedure
An experiment was performed to evaluate if toxins are removed from the sample
during the clean-up process (section 2.2.3.2) using the Acrodisc 13 mm polypropylene
syringe filters (0.2 μm) and Millipore Sigma Amicon Ultra-0.5 centrifugal filter devices.
This experiment measured the concentration of STX in a mussel extract to which a
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known quantity of toxin had been added before the sample clean-up procedure (sample
#1) and the concentration of STX in a mussel extract to which the same quantity of toxin
had been added after the sample clean-up procedure (sample #2). The addition of a
known quantity to a sample is called a “spike.”
Figure 3.16 shows the procedure for evaluating the loss of STX in a mussel
extract. One mussel extract (sample extract number 16-25) was used to determine the
efficiency of the clean-up procedure. Extract 16-25 was determined to have the lowest
response of STX compared to other extracts that were screened for PSP toxins using
the LC-MS/MS method. An extract with a low response of STX was selected because it
was desired to maintain the level of STX in the spiked extracts within the linear range
for the STX (3-50 ppb) analysis. This experiment was only performed using STX
because STX was the predominate toxin detected when mussel extracts were analyzed
using LC-MS/MS. In order to compare the response of sample #1 and sample #2, it was
decided to maintain a similar concentration of STX in each spike. The final
concentration of the STX spike in sample #1 and sample #2 was 11.4 ppb and 11.5
ppb, respectively.
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Figure 3.16. Schematic showing the procedure for determining the percent recovery.
One mussel extract (16-25) was used to prepare two samples: sample #1 (16-25 spiked
with STX before clean-up procedures performed) and sample #2 (16-25 spiked with
STX after clean-up procedures performed). The clean-up procedure is described in
section 2.2.3.2.

After preparing the two samples, each sample was analyzed using the LCMS/MS method. Each sample was injected four times in order to produce an average
STX response for each sample. Table 3.4 shows the responses measured (i.e. peak
area) and the calculated average for each sample. The average response for each
sample was used to determine if STX was lost during the clean-up procedures.
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Table 3.4. The measured responses (i.e. peak area) for sample #1 and sample #2.
Each sample was injected four times.
Sample #1
Sample #2
272983
252028
246830
238729
Measured Responses
(Peak Areas)
241769
257986
239046
263182
Average Response
250157
252981

Using the average responses and the equation shown in figure 3.16, an
efficiency of 101.1% was calculated, indicating a minimal loss (1.1%) of STX during the
clean-up procedure. This was determined to be a reasonable calculation of the
efficiency of the clean-up considering the spike added to sample #2 was slightly more
concentrated than the spike added to sample #1.
3.6. Overview of LC-MS/MS System Performance Using the Developed Method
Because multiple systems were used throughout the method development
process, it was important to assess the performance and limitations of the systems.
System 1 and system 3 were the primary instruments used for the analysis of PSP
toxins and are the focus of the subsequent sections. System 1 was available specifically
for the analysis of PSP toxins; however, due to instrumental issues throughout the
method development process, it was necessary to switch to system 3 to complete the
research. While system 2 was used to screen columns and to evaluate the role of
column temperature on the separation obtained, the system was ultimately taken out of
service by the laboratory. System 2 was not used for further analysis of the PSP toxins
and will not be included in the following discussion.
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3.6.1. System 1 – Performance Evaluation and Challenges
3.6.1.1. Retention Time Variability for the Standard Solutions of the PSP Toxins
Varying retention times were observed for the analysis of standard solutions
containing dcSTX, STX and NEO on system 1 (triple quadrupole mass spectrometer).
Retention time shifts between injections may have many causes, including: changes in
column temperature, changes in mobile phase flow rate, and changes in mobile phase
composition.
Understanding the magnitude of the variability of retention times for the standard
solutions was important because it had an impact on choosing an appropriate “window”
for detection. The window is a fixed time frame in which the chromatographic peak is
expected to elute. LC-MS/MS software enables the operator to choose a “window” of
time (i.e. retention window) to detect the specified mass to charge ratio (m/z) of an
analyte. Detecting only a single m/z increases the signal to noise ratio (S/N) of the
measurement because the instrument spends more time detecting the ions with the
specified m/z. For a MS/MS analysis, the retention window is established to monitor the
product ion (m/z) that is produced from the fragmentation of the precursor ion. The
retention window is chosen prior to performing the analysis based on the retention time
of the analyte and the width of the chromatographic peak (at baseline). For the analysis
of NEO, STX and dcSTX, the experimental retention times were 11.3 minutes, 12.6
minutes, and 13.3 minutes, respectively. The peak widths were approximately 0.75
minutes for each toxin. An example of an appropriate retention window for NEO is from
10.5 minutes to 12.3 minutes. Beginning at 10.5 minutes, the mass spectrometer is set
to monitor the NEO product ion (126.1 m/z). At 12.3 minutes, the mass spectrometer
stops monitoring for the NEO product ion.
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The variability of the retention times was evaluated for several injections of
standard solutions. Several toxin concentrations were used to evaluate if changes in
concentration affected the variability of the retention time. The concentrations of each
toxin in the injected standard solutions ranged from approximately 1.5 to 100 ppb. The
standards were prepared in mobile phase. Figure 3.17 shows the retention times
observed for the series of injections of standard solutions. The data were acquired over
a 6.5 hour time period. Table 3.5 shows the approximate concentration of the standard
solution corresponding to the injection number from figure 3.17.

Figure 3.17. Comparison of retention times (minutes) for a series of injections of
standard solutions containing dcSTX, STX and NEO prepared in mobile phase. A total
of 21 injections were made. NEO was only detected in 15 of the injections due the low
concentration of NEO for injections 16-21. The bare silica column was used for the
analysis.
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Table 3.5. The concentrations of standards corresponding to the injection number found
in figure 3.17.
Approximate
Approximate
Injection # (from
Concentration
Injection # (from
Concentration of
Figure 3.17)
of dcSTX, NEO
Figure 3.17)
dcSTX, NEO and
and STX (ppb)
STX (ppb)
1
13
2
100
14
6
3
15
4
16
5
50
17
3
6
18
7
19
8
25
20
1.5
9
21
10
11
12
12

A total of 21 results were collected for dcSTX and STX. Only 15 results were
acquired for NEO. No response for NEO was observed for standard solutions below 6
ppb. The data in figure 3.17 shows the retention time variability observed during this
series of injections. The relative standard deviation (RSD; %) of the retention times for
dcSTX (n=21), NEO (n=15) and STX (n=21) were 2.2%, 2.3%, and 2.4%, respectively.
The RSD for the retention time was expected to be <1% for the standard solutions
based on previous analyses using a similar HPLC system.
Further assessment of the instrument and the method was performed to
determine if the variability of the retention times could be reduced. The column
temperature and the mobile phase flow rate were initially investigated as contributing
factors. The column temperature was regulated on system 1 using the circulating water
bath. Monitoring the exact temperature of the circulating water bath was limited to
daytime hours because there was no electronic mechanism for recording the
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temperature over time; however, throughout the method development process, the
circulating water bath demonstrated it was capable of maintaining the water
temperature at 10±0.2 °C; therefore, column temperature was not pursued further as a
contributing factor to the variability of the retention times.
Changes in mobile phase flow rate can be investigated by evaluating the
retention time of the deadtime marker. A change in the retention time of the deadtime
marker indicates a change in the mobile phase flow rate. A challenge with the collected
data was that the mass spectrometer did not begin to record data until ten minutes after
the injection because no analytes of interest eluted during the first ten minutes;
therefore, it was not possible to monitor if the retention of the deadtime marker was
changing during the data acquisition time period. Though, shifts of only 2% of the
deadtime marker retention time (t0) would be difficult to reliably determine (e.g. t0≈2
minutes; 2% shift = 2.4 seconds).
Consequently, variability in mobile phase composition was investigated as the
possible cause for variable retention times. The mobile phase for the data presented in
figure 3.17 was mixed by the quaternary pumping system on system 1. Solutions from
two mobile phase reservoirs (A and B) were mixed by the pumping system (84% A,
16% B) to produce the isocratic mobile phase used for the analysis. Reservoir A was
95:5 acetonitrile: 100 mM ammonium formate with 0.1% formic acid (v/v). Reservoir B
contained 5 mM ammonium formate with 0.1% formic acid (v/v). It was postulated the
use of on-line mixing of reservoir A and reservoir B caused shifts in the retention times
because pump A and pump B were not consistently pumping 84% and 16%,
respectively. The variability in retention times of the toxin standards was alleviated by
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manually preparing the final mobile phase composition (80/20/0.1 acetonitrile/25 mM
ammonium formate/formic acid, v/v/v) described in 2.2.1.1.
Following manual preparation of the mobile phase conditions, a similar analysis
was conducted to evaluate the variability of the retention times. A total of 18 injections
of standard solutions were made over a 5.5 hour time period. A range of concentrations
(1 to 50 ppb) of dcSTX, NEO and STX was prepared in mobile phase. Figure 3.18
shows the retention times of the standard solutions injected. Table 3.6 shows the
approximate concentrations of the standard solutions injected and the corresponding
injection number.

Figure 3.18. The retention times for a series of standard solutions containing dcSTX,
NEO and STX. The data was collected over a 5.5. hour time period.
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Table 3.6. Injection number from figure 3.18 and the corresponding approximate
concentration of dcSTX, NEO and STX in the standard solution.
Approximate
Approximate
Injection # (from
Concentration of
Injection # (from
Concentration of
Figure 3.18)
dcSTX, NEO and
Figure 3.18)
dcSTX, NEO and
STX (ppb)
STX (ppb)
1
10
2
50
11
6
3
12
4
13
5
25
14
3
6
15
7
16
8
12
17
1.5
9
18

As a result of manually mixing the mobile phases, far less variability in the retention time
for the three toxins was observed. The RSDs for the retention times for dcSTX, NEO
and STX were 0.18%, 0.34% and 0.12%, respectively. The use of on-line mixing (i.e.
the solvent system of the HPLC mixes the appropriate mobile phase composition) was
determined to be the cause of the drifting retention times. Thus, it was determined the
concentration of the standards did not play a role in retention time variability.
3.6.1.2. Evaluating Responses of Standard Solutions using System 1
Figure 3.19 shows the response produced for a 50 ppb standard solution
containing dcSTX, NEO and STX in mobile phase (80/20/0.1 acetonitrile/25 mM
aqueous ammonium formate/formic acid, v/v/v). The standard solution was analyzed on
system 1 using the LC-MS/MS method described in chapter 2. The chromatogram was
obtained using multiple reaction monitoring (MRM) for the three toxins. The product ions
monitored for dcSTX, NEO and STX were 126.1 m/z, 126.1 m/z and 138.1 m/z,
respectively.
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Figure 3.19. A standard solution containing dcSTX (46.4 ppb), NEO (55.2 ppb) and STX
(53.5 ppb) prepared in mobile phase. The chromatogram was obtained using multiple
reaction monitoring mode on system 1.

The linearity of the toxin responses was evaluated using system 1. Figure 3.20,
figure 3.21 and figure 3.22 show the linear response of standard solutions (injected in
triplicate) prepared in mobile phase (80/20/0.1 acetonitrile/25 mM aqueous ammonium
formate/formic acid, v/v/v). The LC-MS/MS method conditions described in chapter 2
were employed for the analysis.
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Figure 3.20. The calibration curve for dcSTX. The correlation coefficient (R2) was
0.9971.

Figure 3.21. The calibration curve for NEO. The correlation coefficient (R2) was 0.9998.
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Figure 3.22. The calibration curve for STX. The correlation coefficient (R2) was 0.9961.

The correlation coefficient (R2) of the linear response of validated methods at the
New Hampshire Public Health Laboratories (NHPHL) is expected to be ≥0.990. 140 A
minimum of six calibration points is typically required.140 A four-point calibration curve
(6.9 to 55.2 ppb) was produced for NEO; a five-point calibration curve was produced for
dcSTX (0.7 to 11.6 ppb) and STX (0.8 to 13.4 ppb). Additional calibration points could
be included to reach the minimum number of calibration points (n=6) normally used in a
calibration plot at the NHPHL.
It is common practice to assess the limits of detection (LOD) and the limits of
quantitation (LOQ) of a developed analytical method. The limit of detection (LOD) is the
smallest concentration of toxin which produces a response that is distinguishable from
the response of the blank.141 The limit of quantitation (LOQ) is the lowest concentration
of toxin that can be reliably quantitated.141 The LOD and LOQ of the method are
determined based on the measured signal to noise (S/N) ratio of each toxin in a
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standard solution. The concentration of analyte which achieved a S/N of 3 was
assumed to be the LOD; the concentration of analyte which achieved a S/N of 10 was
assumed to be the LOQ.
Standard solutions ranging in concentration from 0.7 to 50 ppb (dcSTX, NEO and
STX in mobile phase) were analyzed. The LOD and LOQ for NEO were determined to
be 1.7 ppb and 6.9 ppb, respectively. The lowest concentration (0.7 ppb) of standard
solution for dcSTX and STX exhibited a S/N of 15.0 and 14.6, respectively. Though, it
was not possible to experimentally determine the LOD and LOQ using the collected
data, using the calibration curves (figure 3.20 and figure 3.22) and estimating the
intensity (i.e. response) of the noise for a low concentration of dcSTX (1.4 ppb) and STX
(0.8 ppb) from the chromatograms, it is possible to estimate the LOD and LOQ for
dcSTX and STX.
The response of STX and dcSTX at the LOD and LOQ was established by
extrapolation using the respective calibration curves. The assumption was made that
the response was linear beyond the range of the calibration curve. To best reflect the
linearity in the region of the LOD and LOQ, a two-point calibration curve was employed.
For dcSTX, a calibration curve was prepared using the responses of the 1.4 ppb and
the 3 ppb standards. For STX, a calibration curve was prepared using the responses of
the 0.8 ppb and the 1.7 ppb standards. The noise level was estimated from the
chromatograms. Based on the intensity of the noise, it was possible to calculate the
response, and thus the concentration of, dcSTX and STX required to reach the LOD
and the LOQ for each toxin. For dcSTX, the estimated LOD and LOQ were 0.09 ppb
and 0.4 ppb, respectively. For STX, the estimated LOD and LOQ were 0.04 and 0.1
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ppb, respectively. Additional experimentation on this instrument utilizing standard
solutions with concentrations <0.7 ppb would be required to more accurately determine
the LOD and LOQ for dcSTX and STX.
3.6.1.3. Evaluation of Stability of Instrumental Response Over Time
An experiment was performed to evaluate the precision of the measured
response when the instrument was in continuous operation for 14 hours. It is common
for analytical methods in the public health laboratory to be run for this length of time or
longer. Precision determines the degree of agreement between measured
responses.141 The precision was evaluated using the relative standard deviation (RSD;
%) of repeat measurements. The criterion established by the New Hampshire Public
Health Laboratories (NHPHL) requires the RSD of repeat measurements obtained
under specified conditions to be ≤10%.140 Standard solutions containing dcSTX, NEO
and STX were prepared in mobile phase for concentrations ranging from 0.7-50 ppb.
Following preparation, the standard solutions were injected in triplicate on system 1.
Following each injection of standard, a blank solution (mobile phase) was injected to
ensure no carryover was observed. A total of 50 injections were made into the LCMS/MS system. This experiment was also used to prepare the calibration plots in
section 3.6.1.2. Table 3.7 presents the RSDs (%) calculated for triplicate injections
acquired during the 14 hour time period. A limitation of the data obtained for this
experiment is the triplicate injections were not acquired at random throughout the 14
hour time period; therefore, it was not possible to know if the instrument (system 1)
measured the same response at the beginning of the sequence and at the end of the
sequence. The data sequence presented was set to sequentially analyze each triplicate
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injection of the standard mixture beginning with the highest concentration and ending
with the lowest concentration (e.g. three injections of the ~50 ppb standard were made
at beginning of the 14 hours and three injections of the ~0.7 ppb standard were made at
the end of the 14 hours).

Table 3.7 Relative standard deviations (RSD; %) for dcSTX, NEO and STX for triplicate
injections acquired over a 14 hour time period. The standards were prepared the same
day the data were acquired.
dcSTX
NEO
STX
Concentration RSD
Concentration
RSD
Concentration
RSD
(ppb)
(%)
(ppb)
(%)
(ppb)
(%)
46.4
1.87
55.2
2.80
53.5
2.39
23.2
4.43
27.6
4.22
26.7
3.73
11.6
2.58
13.8
3.19
13.4
1.29
5.8
4.64
6.9
5.13
6.7
2.14
2.9
1.42
--3.3
3.77
1.4
8.04
--1.7
7.69
0.7
2.62
--0.8
6.10

The results obtained for the blanks injected before and after each standard
injection indicated there was no sample carryover between each injection of standard.
Due to the limit of quantitation of NEO (6.9 ppb), it was not possible to quantitate NEO
at standard concentrations below this level. The limits of quantitation for dcSTX and
STX were estimated to be below 0.7 ppb (0.4 and 0.1 ppb, respectively). Adequate
levels (RSD ≤10%) of precision were reported for dcSTX, NEO and STX.
In order to address this limitation, a second experiment was conducted. The
second experiment acquired data continuously. A standard solution (25 ppb) was
injected near the beginning of the sequence of data (injection 13) and at the end of the
sequence (injection 51). Approximately 11 hours elapsed between the two injections.
The instrument was in continuous operation during the elapsed time.
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Figure 3.23. An overlaid multiple reaction monitoring chromatogram showing the
response for STX (138.1 m/z) for two different injections. A 25 ppb standard of STX (in
mobile phase) was injected two times. Injection #13 (blue) was the first injection.
Injection #51 (red) was the second injection.

Based on the chromatograms presented in figure 3.23, the intensity of STX was
consistent for injection #13 and injection #51. Similar behavior was observed for dcSTX
and NEO. This demonstrated the response obtained for a standard solution was
acceptable for this length of time between injections.
A final study related to the responses measured for the analysis involved the
assessment of two different standard solutions prepared on two different days of
analysis (2/24/2017 and 3/3/2017). Standard solutions were prepared via serial dilution
(0.7 to 50 ppb dcSTX, NEO and STX) using mobile phase (80/20/0.1 acetonitrile/25
aqueous ammonium formate/formic acid, v/v/v) that was prepared on each day of
analysis. The standards prepared on both days of analysis were prepared from the
same primary standard. Figure 3.24 shows an example of an overlaid chromatogram
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comparing a 6.7 ppb standard of STX prepared and analyzed on each day of analysis.
The LC-MS/MS method used for the analysis is outlined in chapter 2.

Figure 3.24. A comparison of chromatograms of two different standard solutions
analyzed on two different days. A standard solution (6.7 ppb) was prepared on both
days of analysis: 2/24/2017 (red) and 3/3/2017 (blue).

The intensity (i.e. response) of STX decreased from the first day of analysis
(2/24/2017) to the second day of analysis (3/3/2017). The percent difference between
the STX responses obtained was 67.5%. A loss of signal was observed for all standard
solutions analyzed and for each toxin analyzed on the second day.
One factor considered for the observed differences in response was issues
associated with the mass spectrometer. It is important that the ionization source and the
ion optics prior to the quadrupoles remain free of contaminants. Contamination in the
ionization source and ion optics components can impact the ionization efficiency and
decrease the detected response. The ionization source and ion optics components were
cleaned prior to the collection of the presented data; therefore, contamination was not
expected to be the problem. The decreased response was a limitation of system 1 that
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was observed over several weeks; therefore, further use of system 1 was limited and it
was necessary to employ system 3 to continue method development.
3.6.2. Overall Performance of System 3
The developed method was evaluated on system 3 for linear response,
reproducibility, limits of detection, and limits of quantitation of the developed method.
3.6.2.1. Evaluation of Limit of Detection and Limit of Quantitation for Each Toxin
The limits of detection and limits of quantitation were determined for dcSTX, NEO
and STX (Table 3.8). Standard solutions ranging in concentration from 0.7 to 50 ppb
(diluted in 80/20/0.1 acetonitrile/25 mM ammonium formate/formic acid, v/v/v) were
used to determine the LOD and LOQ for each toxin. The LOD and the LOQ were
determined based on the measured signal to noise ratio (S/N).
Table 3.8. Limits of detection (LOD) and limits of quantitation (LOQ) for dcSTX, NEO
and STX on system 3 using MS/MS detection. The concentration producing a signal to
noise ratio (S/N) of 3 was assigned as the LOD. The concentration producing a S/N of
10 was assigned as the LOQ. The LOD and LOQ are given in units of ppb.
Toxin
Limit of Detection (ppb) Limit of Quantitation (ppb)
dcSTX
5.3
8.3
NEO
1.7
6.9
STX
1.7
3.3

The LODs and LOQs reported in table 3.8 were compared to the LOD and LOQ
values previously obtained at the New Hampshire Public Health Laboratories
(NHPHL).85 This provided a means of comparison between an MS/MS (linear ion trap
mass spectrometer) method described here and the MS (single quadrupole mass
spectrometer) method that was previously adapted in the laboratory. The previously
reported LOD and LOQ values85 using single quadrupole MS detection are shown in
table 3.9. The data acquired using the single quadrupole mass spectrometer was
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collected on a Waters ZQ single quadrupole mass spectrometer (Milford, MA). The ZQ
mass spectrometer is no longer available in the laboratory at the NHPHL.
Table 3.9. LOD and LOQ values previously reported (obtained using single quadrupole
mass spectrometer)85 were used for comparison to the values obtained using the linear
ion trap mass spectrometer (table 3.8). The LOD and LOQ were determined using the
measured S/N of standard solutions prepared in 3 mM hydrochloric acid.
Toxin
Limit of Detection (ppb) Limit of Quantitation (ppb)
dcSTX
0.24
0.90
NEO
0.16
0.33
STX
0.16
0.32

The LODs and LOQs reported using the linear ion trap mass spectrometer (table 3.8)
are larger than the LODs and LOQs determined using the single quadrupole mass
spectrometer (table 3.9). Although the MS/MS detection offers higher specificity, the
LOD and LOQ values indicated the developed LC-MS/MS method could not detect or
quantitate dcSTX, NEO and STX at the concentration levels previously reported.
It was expected the linear ion trap mass spectrometer operating in MS/MS
detection mode would achieve lower LODs and LOQs compared to the single
quadrupole mass spectrometer operating in MS detection mode. Table 3.10 lists
performance specifications indicated by each instrument manufacturer. Reserpine
([M+H+], 609 m/z) is an analyte commonly used by instrument manufacturers to
evaluate the performance of mass spectrometers.
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Table 3.10. Performance specifications of the linear ion trap mass spectrometer (system
3)142 using MS/MS detection and the single quadrupole mass spectrometer143 using MS
detection. The single quadrupole mass spectrometer was previously used by the
laboratory for work reported in 2010.85 The amount of reserpine analyzed (fg) and the
S/N of the reserpine is listed in the table.
Amount of
S/N of
Instrument
Type of Mass Spectrometer
Reserpine
Reserpine
Analyzed (fg)
Velos Pro
(Thermo Fisher
Linear Ion Trap (system 3)
100
100
Scientific)
ZQ (Waters)
Single Quadrupole
1000
50

The linear ion trap mass spectrometer achieved a S/N of 100 when 100 fg of reserpine
was analyzed using a full scan MS/MS mode that scanned product ions from 165-615
m/z. The S/N was determined for the two most abundant product ions, 397 m/z and 448
m/z. The single quadrupole mass spectrometer required ten times as much reserpine
(1000 fg) to achieve a S/N of 50 for MS detection. This indicated that system 3
(operating in MS/MS detection mode) could obtain lower LODs and LOQs; however, for
the analysis of dcSTX, NEO and STX, this was not observed.
To better understand the comparison of MS detection and MS/MS detection for
dcSTX, NEO and STX, the triple quadrupole mass spectrometer (system 1) was used to
compare the signal levels and S/N ratios between a MS detection mode (single ion
recording, SIR) and a MS/MS detection mode (multiple reaction monitoring, MRM).
Figure 3.25 shows a schematic of a SIR method and a MRM method. When operated in
the SIR mode, the instrument measures the response of a single ion only (i.e. one m/z).
The ion travels from the ion source, through the first quadrupole (Q1) to the collision cell
(q) and then onto the third quadrupole (Q3). The ion chosen to pass through Q1 does
not undergo collision induced dissociation and is detected after passing through Q3;
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thereby, simulating an MS experiment using a single quadrupole. When operated in the
MRM mode, Q1 selects the precursor ion, which then undergoes collision induced
dissociation to form product ions. The third quadrupole selects the most abundant
product ion, resulting in a MS/MS analysis. In order to compare the SIR mode to the
MRM mode, the precursor ion (m/z) selected by Q1 in the MRM mode was the same as
the single ion (m/z) selected by Q1 in the SIR mode.

Figure 3.25. Schematic of a SIR method and a MRM method. The SIR method and the
MRM method were used to compare the ionization efficiency.

Two injections of a 50 ppb standard solution containing dcSTX, NEO and STX in
mobile phase (80/20/0.1 acetonitrile/25 mM ammonium formate/formic acid, v/v/v) were
injected (20 μL per injection) into system 1. The first injection employed a SIR method
(MS detection); the second injection employed a MRM method (MS/MS detection).
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Table 3.11 shows the signal (i.e. intensity) of the detected ions for each toxin and the
S/N of each toxin using both a SIR method and a MRM method.
Table 3.11. The intensity and the signal to noise ratio (S/N) of detected ions for each
PSP toxin when using a SIR method and a MRM method. The mass to charge ratios
(m/z) that were monitored for each toxin are included.
dcSTX
NEO
STX
257 m/z
316 m/z
300 m/z
Injection Ion Selected for Detection
5
5
1
Intensity
1.65x10
1.3x10
3.35x105
SIR
S/N
144
52
79
Precursor Ion > Product
257 > 126
300 > 138
316 > 126
Injection
Ion
m/z
m/z
m/z
3
2
2
Intensity
1.98x10
3.13x10
5.04x102
MRM
S/N
21
3
6

Both the intensity of the detected ions and the S/N for dcSTX, NEO and STX decreased
using the MRM method. While it was expected that less signal would be measured
using a MRM method125, it was not expected to observe a smaller S/N for the MRM
method. The MRM method should detect less noise, which should result in a larger
S/N.144 Less noise is detected due to the increased selectivity of the MRM method. The
ratio of the signal detected by SIR to the signal detected by MRM determined a
decrease in signal of ~100 (dcSTX), ~400 (NEO) and ~700 (STX). A possible
explanation for the smaller S/N observed for MRM detection mode is that the signal
level decreased by a greater magnitude than the noise level decreased under the LCMS/MS method conditions employed.
3.6.2.2. Linear Response of Standard Solutions
The instrument response versus concentration of analyte was evaluated using
standard solutions, which were prepared via serial dilution using the certified reference
materials purchased from the National Research Council Canada. The standard
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solutions were a mixture of dcSTX, NEO and STX diluted in mobile phase (80/20/0.1
acetonitrile/25 mM ammonium formate/formic acid, v/v/v). The concentration of each
toxin in the standard solutions ranged from approximately 8-140 ppb. Calibration curves
for dcSTX, NEO and STX are shown in figure 3.26, figure 3.27 and figure 3.28,
respectively. The calibration curves presented were produced using the average peak
area for eight injections of each calibration standard. Approximately 6 hours elapsed
between the replicate injections. The data sequence was acquired over a total of 48
hours.

Figure 3.26. Calibration curve for dcSTX prepared using data acquired on system 3.
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Figure 3.27. Calibration curve for NEO prepared using data acquired on system 3.

Figure 3.28. Calibration curve for STX prepared using data acquired on system 3.
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Acceptable correlation coefficients (R2 ≥0.990) were demonstrated for each
calibration curve.
3.6.2.3. Precision of Measured Responses
The precision of the measured responses was evaluated for standard solutions
to determine if system 3 provided consistent responses for one set of data. The
conditions of the LC-MS/MS analysis are specified in section 2.2.1. The set of data was
acquired continuously over a 48 hour time period.
Standard solutions containing a mixture of dcSTX, NEO and STX were prepared
in 80/20/0.1 acetonitrile/water/formic acid (v/v/v). A total of nine standard solutions were
prepared via serial dilution to achieve final concentrations of approximately: 12, 25, 50,
100, 200, 400, 600, 800 and 1000 ppb. The standard solutions, with the exception of the
12 ppb solution, were injected into system 3 a total of eight times. The 12 ppb standard
solution was injected seven times due to an error in the data acquisition method. The
order of injections of the concentrations was randomized throughout the set of data.
Approximately six hours elapsed between each of the eight injections of each standard.
A blank was injected a minimum of one time between each injection of standard. Two
blank injections were made between the injection of the 1 ppm standard to ensure no
sample carryover was observed at this high level of concentration. A total of 144
injections were made for the data set. The instrument was in continuous operation
throughout the collection of the data.
The RSD was calculated for each of the nine standard solutions using the peak
areas measured for each injection. Table 3.12 shows the RSDs calculated for dcSTX,
NEO and STX.
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Table 3.12. Relative standard deviations (RSD; %) used to evaluate the precision of
dcSTX, NEO and STX. The peak area of eight injections (per standard solution) was
used to calculate the RSD.
RSD (%)
Approximate
Concentration of
dcSTX
NEO
STX
Each Toxin (ppb)
11.0
11.8
9.1
1000
9.1
8.5
8.9
800
11.9
9.3
9.5
600
13.8
8.2
8.6
400
8.4
4.9
7.6
200
13.5
9.9
10.4
100
9.0
8.6
8.4
50
7.6
15.2
8.2
25
14.1
11.1
10.9
12

The precision of the LC-MS/MS method did not meet the requirement of the NHPHL
validation protocol for precision measurements (RSD ≤10%).140 There is no specific
protocol for handling measurements that exceed a RSD ≤10%. Typically, the
concentration of the standard solutions analyzed would be considered. It is common for
low concentrations of analytes to produce larger RSD values due to low levels of
signals. To try and improve the precision of the PSP toxin analysis, standard solutions
of higher concentrations (> 1000 ppb) would be considered. Because concentrations
>1000 ppb are not relevant to the PSP toxins in shellfish samples, the cause of the high
levels of RSD was not pursued further.
Due to the length of data acquisition (48 hours), the trends in the variability of the
measured peak areas for each toxin were investigated. Plots of the individual responses
(peak area) versus injection number were prepared for the individual toxins to see if
trends in the responses were present. Figure 3.29 and figure 3.30 show the example
plots for the 50 ppb standard solution and the 25 ppb standard solution, respectively. It
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was anticipated that the peak areas may show a decrease over the time period,
possibly indicating the standards degraded over the acquisition time period. This was
not observed for any of the standards analyzed; therefore, degradation of the standard
solutions was not indicated as contributing to the variability in peak area.

Figure 3.29. The peak areas measured for eight different injections of a standard
solution containing approximately 50 ppb of dcSTX, NEO and STX.

Figure 3.30. The peak areas measured for eight different injections of a standard
solution containing approximately 25 ppb of dcSTX, NEO and STX.
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One observation was the second injection of each standard solution resulted in a
larger peak area compared to the peak area of the first injection. This was observed for
each toxin. An increase in peak area may indicate sample carryover between injections;
however, an increase in peak area did not persist through the subsequent injections.
Furthermore, blank injections in between injections of standards confirmed that sample
carryover was not a factor in the variability of the peak areas.
3.7. Evaluation of Developed Method for the Analysis of Mussel Samples
The developed LC-MS/MS method was applied to the analysis of mussel
samples to evaluate the performance of the method for detecting dcSTX, NEO and STX
in shellfish (i.e. mussel) matrix. Samples (15 mL) of mussel extracts were provided by
the microbiology unit of the New Hampshire Public Health Laboratories (NHPHL). The
microbiology unit previously prepared and analyzed the extracts following the mouse
bioassay (MBA) procedure.38, 41 The provided extracts were frozen (-20 °C) until LCMS/MS analysis. Only system 3 was used for evaluation of the LC-MS/MS method for
the analysis of mussel samples.
3.7.1. Qualitative Screening of Toxins in Additional Mussel Extracts
Eight mussel extracts were analyzed to qualitatively evaluate if the presence of
dcSTX, NEO and STX in the mussel samples. Table 3.13 provides the information and
the results of the LC-MS/MS analysis for the mussel extracts, along with the total PSP
toxicity as determined by the mouse bioassay.
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Table 3.13: Qualitative assessment of eight mussel extracts using the LC-MS/MS
analysis. dcSTX and NEO were not detected (i.e. below limit of detection). STX was
detected, but not quantitated. STX is indicated as “present.”
Total PSP
Toxins Detected Using
Toxicity;
LC-MS/MS
MBA result
Location
Date of
(μg STX
Extract
of
Injection
Harvest
equivalents/
Harvest
100 g
dcSTX NEO
STX
shellfish
meat)
Below Below
1
Present
LOD
LOD
Hampton
16-08
5/3/2016
51.0
Harbor
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Hampton
16-10
5/11/2016
44.0
Harbor
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Isles of
16-11
5/12/2016
204
Shoals
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Hampton
16-15
5/26/2016
44.5
Harbor
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Isles of
16-25
6/29/2016
<44
Shoals
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Hampton
16-33
7/26/2016
<44
Harbor
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Isles of
16-39
8/18/2016
<44
Shoals
Below Below
2
Present
LOD
LOD
Below Below
1
Present
LOD
LOD
Hampton
16-45
9/19/2016
<44
Harbor
Below Below
2
Present
LOD
LOD
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The LC-MS/MS results are consistent with STX being present in all eight sample
extracts. The results indicate dcSTX and NEO were not present above the limit of
detection (LOD) in these samples. One surprising result was that NEO was not detected
in sample 16-11. Sample 16-11 was harvested on 5/12/2016 from the Isles of Shoals
and was determined to contain 204 μg STX equivalents per 100 g shellfish meat by the
mouse bioassay (MBA). In comparison, sample 16-12 (Table 3.14) was harvested on
5/18/2016 from the Isles of Shoals and was determined to contain 225 μg STX
equivalents per 100 g shellfish meat when analyzed using the MBA. When analyzed by
LC-MS/MS, both NEO and STX were detected in sample 16-12. Considering that both
sample 16-11 and sample 16-12 were harvested from the same location during a time
of elevated PSP toxins, it is surprising that NEO was not detected in sample 16-11.
The presented data were collected on system 3. To collect these data, a
scanning-type detection mode was employed. A scanning detection mode scans a
range of mass to charge ratios (m/z). When using a scanning detection mode for a
MS/MS analysis, the product ions produced from the fragmentation of a specific
precursor ion are scanned. The precursor ions for dcSTX, NEO and STX are 257.1 m/z,
316.1 m/z and 300 m/z, respectively. Scanning a range of product ions produced from
the fragmented precursor ion provides additional information of the fragmentation
patterns that is not observed when using a multiple reaction monitoring (MRM) mode of
detection. The MRM detection mode only detects specified product ions.
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Figure 3.31. Five chromatograms produced from the MS/MS analysis of a 25 ppb
standard solution and mussel extract 16-11. Chromatogram 1 is the total ion
chromatogram (TIC) for a 25 ppb standard. Chromatogram 2 is the TIC of sample 1611. Chromatogram 3, chromatogram 4 and chromatogram 5 are specific mass (product
ion) channels extracted from the TIC of sample 16-11(chromatogram 2). The
chromatograms represent NEO (298.1 m/z), STX (282.1 m/z) and dcSTX (239.1 m/z),
respectively.
Figure 3.31 shows five chromatograms resulting from the MS/MS analysis of a
standard solution containing dcSTX, NEO and STX (chromatogram 1) and sample
extract 16-11 (chromatograms 2-5). Chromatogram 1 is the total ion chromatogram
(TIC) of a 25 ppb standard solution containing dcSTX, NEO and STX. The TIC
represents the sum of intensities of all of the product ions detected. For the analysis of
dcSTX, NEO and STX, the mass spectrometer detected ions from 8.5 to 13.5 minutes.
Three peaks are observed on the TIC at approximately 9.9 minutes, 11.4 minutes and
11.9 minutes. These peaks correspond to NEO, STX and dcSTX, respectively.

127
Chromatogram 2 is the total ion chromatogram of sample 16-11. The TIC shows two
peaks at approximately 8.9 minutes and 12.2 minutes. Chromatograms 3, 4, and 5 are
extracted mass channels corresponding to the most abundant product ion of each toxin
(NEO, STX and dcSTX, respectively) for sample extract 16-11. The most abundant
product ions for NEO, STX and dcSTX were 298.1 m/z, 282.1 m/z and 239.1 m/z,
respectively. The most abundant product ions for each toxin were produced from a loss
of 18 m/z (loss of water) from the precursor ion. The precursor ions for NEO, STX and
dcSTX are 316.1 m/z, 300.1 m/z and 257.1 m/z. The extracted mass channels are
acquired during a fixed retention window. The fixed retention window to detect the most
abundant product ion for NEO (298.1 m/z) was 8.50 to 11.00 minutes (chromatogram
3); STX (282.1 m/z) was detected from 10.50 to 13.0 minutes (chromatogram 4); dcSTX
(239.1 m/z) was detected from 11.25 to 13.50 minutes (chromatogram 5).
There are no chromatographic peaks represented in chromatogram 3, which
indicates that NEO was not present in sample 16-11. Chromatogram 4 shows a peak of
large intensity at approximately 12.1 minutes, indicating product ions of 282.1 m/z were
produced during the fragmentation of the STX precursor ion (300.1 m/z); which is
consistent with STX being present in sample 16-11. Chromatogram 5 did not show any
chromatographic peaks, which indicates that dcSTX was not present in sample 16-11.
Chromatogram 4 was evaluated further because of an observed shift in retention
time. Mussel extracts previously analyzed demonstrated a small shift in the retention
time of STX (0.2 minutes) in comparison to the retention time of STX in standard
solutions; however, chromatogram 4 showed a retention time shift of approximately 0.7
minutes for the STX peak compared to the STX peak in the standard solution (figure
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3.31, chromatogram 1). The mass spectrum was reviewed to investigate the product
ions detected at approximately 12.1 minutes. Figure 3.32 shows the product ion mass
spectrum for the STX peak at 12.1 minutes.

Figure 3.32: Product ion spectrum of the STX chromatographic peak present at
approximately 12.1minutes in chromatogram 4 (figure 3.31).
The two most abundant product ions are 256.2 m/z and 282.1 m/z. The 282.1 m/z was
expected to be the most abundant product ion as it was observed in the standard
solutions. The 256.2 m/z was observed as a product ion for STX in standard solutions;
however, it was not as abundant. Similar fragmentation patterns were observed for
other analyzed mussel extracts containing STX.
3.7.2. Quantitation of dcSTX, NEO and STX in Mussel Samples Using the Working
Curve Method
The working curve method was used to quantitate the concentration of dcSTX,
NEO and STX in eight mussel extracts. One challenge in acquiring these data was the
limitations imposed by having a fixed retention window for each toxin. An incorrect
retention window was originally selected for dcSTX, resulting in the early eluting portion
of the chromatographic peak not being detected; therefore, it was not possible to
accurately measure the chromatographic peak area. An adequate detection window
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was selected for NEO and dcSTX making it possible to quantitate those toxins. To
quantitate dcSTX in these samples, a second set of data were acquired.
The first set of data acquired was used to quantitate NEO and STX. This set of
data was collected continuously over a 48 hour time period. Standard solutions ranging
in concentration from 3-50 ppb dcSTX, NEO and STX were used to prepare the working
curves. Standard solutions were injected in duplicate. Approximately 30 hours elapsed
between each repeat injection of standard. Working curves for NEO (figure 3.34) and
STX (figure3.35) were prepared.

Figure 3.33. The calibration curve for NEO used to quantitate the concentration of NEO
in the analyzed mussel extracts. The correlation coefficient (R2) was 0.9995.
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Figure 3.34. The calibration curve for STX used to quantitate the concentration of STX
in the analyzed extracts. The correlation coefficient (R2) was 0.9926.
The R2 values for the calibration curves (figure 3.34 and figure 3.35) were 0.9995 (NEO)
and 0.9926 (STX), indicating an acceptable (R2 ≥0.990) linear relationship between the
average peak area and the concentration of toxin. A three-point calibration curve was
used for NEO (6.9 ppb, 13.8 ppb, and 27.3 ppb). A large relative standard deviation
(38.6%) was calculated for the two peak areas of NEO for the 50 ppb standard. The
large RSD for the 50 ppb standard was attributed to differences in the chromatographic
peak shape between injection 1 and injection 2 for NEO. Because the amount of NEO
present in the diluted sample extracts was not expected to be larger than 25 ppb, the 50
ppb standard was not utilized for preparing the working curve. Variations in peak shape
impact the integration of the chromatographic peak. A five-point calibration curve was
prepared for STX (3.3 ppb, 6.7 ppb, 13.4 ppb, 26.7 ppb and 53.5 ppb).
The data for dcSTX was acquired using a second set of data. Only one injection
of each standard was used to prepare the working curve. The working curve for dcSTX
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is shown in figure3.36. A three-point calibration curve was prepared (11.6 ppb, 23.2 ppb
and 46.4 ppb).

Figure 3.35. The calibration curve for dcSTX. The correlation coefficient (R2) was 1.

Eight samples of mussel extracts were analyzed to measure the
concentration of toxins present. The samples were injected in duplicate (injection 1 and
injection 2). Table 3.14 summarizes the extract information and the quantitative results.
dcSTX was not detected under the LC-MS/MS conditions employed (i.e. below the limit
of detection). NEO was detected in two extracts (16-12 and 16-14); however, the early
eluting portion of the peak was outside of the window of detection for the second
injection of extract 16-14, so the concentration of NEO was not calculated for this
injection of the sample. The shift of the early eluting portion of the chromatographic
peak prevented the peak area from being accurately measured. STX was detected in all
of the extracts analyzed.

Table 3.14. Quantitative results for mussel extracts analyzed using the developed LC-MS/MS method on system 3.
“Below LOD” indicates the toxin was not detected under the LC-MS/MS conditions used. The second injection of 16-14 is
listed as “---” for NEO because the early eluting portion of the chromatographic peak eluted outside of the detection
window.

Extract

16-04
16-05
16-06
16-07
16-09
16-12
16-14
16-19

Location
of
Harvest
Hampton
Harbor
Isles of
Shoals
Hampton
Harbor
Isles of
Shoals
Isles of
Shoals
Isles of
Shoals
Isles of
Shoals
Isles of
Shoals

Date of
Harvest

Total PSP
Toxicity; MBA
result (μg STX
equivalents/100
g shellfish
meat)

4/19/2016

< 44

4/21/2016

< 44

4/25/2016

< 44

4/27/2016

49.8

5/4/2016

59.8

5/18/2016

225

5/24/2016

219

6/8/2016

< 44

Injection
#

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Concentration of Toxin in Sample;
LC-MS/MS result (μg/100 g shellfish
meat)
dcSTX

NEO

STX

Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD

Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
Below LOD
26.0
22.6
13.1
--Below LOD
Below LOD

33.5
34.7
43.5
44.2
36.6
35.7
32.9
28.1
44.4
44.0
55.5
58.2
60.7
55.7
31.0
32.2

Total PSP Toxicity;
LC-MS/MS result
(μg STX
equivalents/100 g
shellfish meat)
33.5
34.7
43.5
44.2
36.6
35.7
32.9
28.1
44.4
44.0
81.5
80.8
73.7
--31.0
32.2

Average Total
PSP Toxicity
(μg STX
equivalents/100
g shellfish
meat)
34.1
43.9
36.2
30.5
44.2
81.2
--31.6
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The mussel samples that were analyzed were harvested from two different
locations (Hampton Harbor and Isles of Shoals) during the 2016 harvest season
between the months of April and June. The sample extracts were prepared and injected
(20 μL) in duplicate (injection #1 and injection #2) into system 3 for LC-MS/MS analysis.
Approximately seven hours elapsed between repeat injections of the same sample
extract. If a chromatographic peak had a signal to noise ratio (S/N) greater than or equal
to 3, the peak area (i.e. response) was manually integrated using the computer
software.
The extracts were found to have different levels of total PSP toxicity than the
levels determined by the mouse bioassay (MBA). The results of the MBA were provided
by the microbiology unit of the New Hampshire Public Health Laboratories (NHPHL).
Four of the analyzed extracts (16-04, 16-05, 16-06, and 16-19) contained <44 μg STX
equivalents per 100 g shellfish meat by the MBA. A total PSP toxicity of <44 μg STX
equivalents per 100 g shellfish meat indicates the level of PSP toxins is below the limit
of detection for the MBA. The remaining four samples (16-07, 16-09, 16-12, and 16-14)
were determined to have a total PSP toxicity above the limit of detection for the MBA (>
44 μg STX equivalents per 100 g shellfish meat). Two of those samples (16-12, and 1614) contained toxin levels above the regulatory limit (80 μg STX equivalents per 100 g
shellfish meat).
Using the calibration curves and the peak areas of the detected toxins in the
extracts, the concentrations of toxins in the samples were calculated. The individual
contribution (μg/100 g shellfish meat) of each toxin to the total PSP toxicity (μg STX
equivalents/100 g shellfish meat) was calculated using the toxicity values for the
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individual toxins. STX was found to be a greater contribution to the total PSP toxicity
than NEO when both toxins were determined to be present in an analyzed extract. The
total PSP toxicity in the extract is the sum of the individual contributions of each toxin.
The total PSP toxicity for the eight analyzed extracts ranged from approximately 30 to
80 μg STX equivalents/100 g shellfish meat. In comparison to the total PSP toxicities
determined by the mouse bioassay (MBA), the total PSP toxicities calculated using the
LC-MS/MS method were lower. This is not unreasonable because the LC-MS/MS
method only measured the response of three PSP toxins; whereas the MBA would
respond to other PSP toxins (e.g. gonyautoxins, GTX-1-4) that may be present in the
extract.
Using the developed LC-MS/MS method it was possible to determine if dcSTX,
NEO and STX contributed to the total PSP toxicity determined by the MBA. This
provided specific information about the toxins present, which is not provided when the
MBA is the sole method of analysis.
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CHAPTER 4

CONCLUSION AND FUTURE WORK

A hydrophilic interaction liquid chromatography (HILIC)-tandem mass
spectrometry (MS/MS) method was developed for the analysis of select PSP toxins in
mussel matrix (dcSTX, NEO and STX) utilizing instrumentation available in the
chemistry unit of the New Hampshire Public Health Laboratories (NHPHL). Three
different LC-MS/MS instruments were employed during the method development
process: a Waters Alliance 2695 Separations Module with a Waters Quattro Micro triple
quadrupole mass spectrometer (system 1), an Agilent 1200 series HPLC with a Thermo
Scientific LTQ linear ion trap mass spectrometer (system 2), and a Thermo Scientific
UltiMate 3000 HPLC with a Thermo Scientific LTQ Velos Pro linear ion trap mass
spectrometer (system 3).
Several HILIC stationary phases were evaluated under different mobile phase
conditions to achieve chromatographic separation of dcSTX, NEO and STX. The
developed LC-MS/MS method employed a Supelco Ascentis Express HILIC (bare silica;
3.0 mm x 100 mm, 2.7 μm, 90 Å) chromatographic column. Separation of the three
analytes was achieved operating under isocratic elution conditions (80/20/0.1
acetonitrile/25 mM aqueous ammonium formate/formic acid, v/v/v). The bare silica
fused-core stationary phase utilized for the method was different than other HILIC
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stationary phases employed for HILIC-based PSP toxin analyses in shellfish previously
reported in the literature. Additionally, the use of a 10 °C column temperature was found
to be important for improving the chromatographic separation; however, operating at
sub-ambient temperature imposed challenges during the method development process.
The developed method was used to qualitatively and quantitatively analyze
mussel samples harvested from the New Hampshire coastline in 2016. A total of sixteen
samples were analyzed. STX was detected in all of the analyzed samples; NEO was
detected in two samples; and dcSTX was not detected in any of the analyzed samples.
Using the working curve method, the total PSP toxicity in eight samples was estimated.
The total PSP toxicity ranged from approximately 30-80 μg STX equivalents/100 g
shellfish meat. This demonstrated the method is able to quantitate the selected toxins;
however, the results are limited in that the method does not consider additional PSP
toxins which may be present in the samples. Gonyautoxins (GTX-1-4) are additional
PSP toxins known to be potentially present in New England coastal waters.18 Expanding
the developed method to include GTX-1-4 would be important for utilizing the method
within the regulatory laboratory.
The performance of the instruments was evaluated using standard solutions of
the three PSP toxins. The triple quadrupole mass spectrometer demonstrated limits of
detection and limits of quantitation for NEO that were similar to the values determined
using the linear ion trap mass spectrometer. For dcSTX and STX, the triple quadrupole
mass spectrometer demonstrated it may be capable of reaching lower limits of detection
and limits of quantitation compared to the linear ion trap mass spectrometer (system 3);
however, these values were not able to be verified experimentally using standard
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solutions. Both system 1 and system 3 demonstrated adequate linear relationships
between the instrument response and the toxin concentration in standard solutions.
Additional evaluation of the instrument performance demonstrated that system 1 was
capable of achieving more precise results during a sequence of data acquisition
compared to system 3. If a triple quadrupole mass spectrometer becomes available, it is
recommended that the limits of detection, limits of quantitation, linear response, and
precision be evaluated using spiked shellfish matrix samples. This will provide a more
complete assessment of the developed method and provide more insight into matrix
effects.
The clean-up procedure used to process the diluted extracts demonstrated
excellent efficiency (101%). However one concern with the sample clean-up procedure
is the compatibility of the Amicon Ultra centrifugal filtration devices with the solvent used
to dilute the extracts. The compatibility of acetonitrile with the filtration devices was not
considered during the method development. The manufacturer recommendation is to
use these filtration devices for solutions containing ≤20% acetonitrile. A conversation
with the device manufacturer suggested that because the filter units are only exposed to
the acetonitrile for a brief period of time, adverse effects (i.e. degradation of the
polymer-based device) would likely not be observed. If the method is to be employed in
the future, a more compatible solvent may need to be investigated. The use of solid
phase extraction has provided improved limits of detection and limits of quantitation for
the PSP toxins36 in shellfish and may be a viable alternative to the current clean-up
procedures.
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One characteristic of the method that was not fully evaluated was the percent
recovery. The percent recovery affects the accuracy of the results obtained using the
method. The percent recovery was determined by preparing and analyzing two
samples: one sample of the mussel extract was spiked with a concentration (11 ppb) of
STX (i.e. matrix spike) and one sample of the mussel extract was not spiked (i.e.
unspiked). It was determined the percent recovery for the developed method was 21%.
Validated methods at the New Hampshire Public Health Laboratories must demonstrate
80-120% recovery. While the recovery measured for this single experiment remains
suspect, this result was unexpected considering the quantitative results for the samples
(as determined by LC-MS/MS) were within reason according to the results determined
by the mouse bioassay. Further experiments would be required to determine the
percent recovery.
The developed method was successful at analyzing dcSTX, NEO and STX for a
small number of harvested mussels. During a typical harvest season, up to 50 samples
may be received by the New Hampshire Public Health Laboratory. Application of the
method to a larger number of extracts would be beneficial to further understand the
applicability and limitations of the method for regulatory purposes.
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